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ABSTRACT 
The electrochemistry of planar and porous lead dioxide electrodes 
has been investigated using the techniques: linear sweep voltammetry, 
potentiostatic pulse experiments and Faradaic (a. c. ) impedance studies. 
The first two techniques were digitally controlled and the data were 
acquired at high speed and could be easily retrieved after storage. A 
morphological examination on the electrodes was also carried out using 
scanning electron microscopy. 
The electrochemical behaviour of flat lead in sulphuric acid at 
concentrations in excess of 5 mol dm-3 has been studied. Various solid 
lead alloys in different sulphuric acid concentrations were investigated 
together with porous PbO 2 on different lead alloy supports. 
It was 
found that the acid concentration had a marked effect on the electro- 
chemistry of the electrodes. The current transients obtained from 
potentiostatic step experiments with the porous PbOý electrodes were 
nearly all of a complex nature and some attempt was made to match the 
data with established mathematical relationships for electracrystallisation 
processes. The alloys used were of industrial importance and they were 
lead-antimonyp lead-tin-calcium and lead-tin-bismuth-calcium. Also 
various automotive positive pastes were employed to form the porous PbO 2 
structure. 
- A. C. impedance studies were carried out on the porous PbO 2 electrodes. 
An analogue was found which described the discharge process of Pb02. 
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CHAPTER 1 
INTRODUCTION 
After Volta's diseovery of the galvanic cell principle in 1800 
it took approximately another fifty years before Siemens and Sinsteden 
applied it to the lead/sulphuric acid/lead dioxide system. In H60 
Plante's reported results introduced the lead-acid battery as an 
electrochemical storage device[l). Today the lead-acid storage battery 
is the most widely used secondary, electrochemical power source in the 
world. The applications of these lead-acid cells vary from small sealed 
batteries of a few watt-hours capacity in consumer uses (e. g. motor 
vehicles) to large batteries of many megawatt-hours capacity in submarines, 
emergency-lighting and-other utilities. 
The theory of operation of the rechargeable lead-acid battery is 
based on the so-called double sulphate principle[2). It explains the 
fact that the electrolyte in solutiont sUlphuric acidt is not only an 
ion-transport mecUum but a reactant as well. The discharge product of 
both the lead anode electrochemical oxidation reaction and the lead dioxide 
cathode reduct*ion reaction is lead sulphate, hence the term "double 
sulphate". The reactions are: 
2- + 
discharge 
Cathode: PbO 2+ CO + 4H + 2e- - cnarge 
PbSO 4+ 2H 20 
E= +1.69V 
discharge 2- Anode: Pb *+ SO 4 0C 
PbSO 4+ 2e- (1.2) 
chargi 
E= -0.36V 
-1- 
Overall reaction: 
discharge 
PbO 2+ 2H 2 So 4+ 
Pb 
tharge 
;) 
E= +2. C4-V 
2PbSO 4+ 2H 20 
(1.3) 
The theory of double sulphation has been confirmed thermodynamically 
by Craig and Vinal L3,4] . It 
The life-limiting component of any lead-acid battery system is the 
lead dioxide electrode. Due to the complex nature of charge, discharge 
and self-discharge occurring at the positive plate, various studies and 
reviews have been published concerning these phenomena[5-10]. Various 
metals, and even their oxides and sulphates[lllt have been added to the 
material of the support grids of lead-acid batteries in order to impart 
many desirable properties, such as, longer service life, improved 
castability, etc. Antimony in automotive positive grids extends the 
life of the battery by producing further resistance to deep cycling and 
extensive overcharge. This is probably due to the corrosion layer, 
formed by the Pb-Sb alloy, adhering well to the active material and not 
causing an intergranular attack on the crystallAes in the grid alloy. 
The only technical disadvantage of the addition of Sb is that the hydrogen 
overvoltage of the cell is lowered because the additive deposits itself on 
the negative plate resulting in a decrease in the potential of hydrogen 
evolution at that electrode. It has also been discovered that at low 
antimony concentrations the retention characteristics of the positive paste 
in the support grids are usually observed to be poor. 
Other materials have been used instead of antimony, such as, calcium, 
tin, aluminium, magnesium, titanium and bismuth[121. The introduction of 
alloys based on lead-tin-calcium has led to the development of low-cost, 
low-maintenance batteries of high capacity. These maintenance-free 
-2- 
batteries have been used successfully in standby and telephone batteries, 
as well as for starting, lighting and ignition applications. Although 
the additives tin and calcium seem to supress markedly the hydrogen 
evolution reaction, however, removing antimony from the positive grids 
results in rather inferior cycle lives. 
This thesis contains the results of an investigation of the effects 
that the lead-alloy support, positive paste and H2 so 4 concentration have on 
the PbO 2 electrode using electrochemical techniques. 
-3- 
CHAPTER 2 
THEORETICAL PRINCIPLES 
2.1 The Electrode-Electrolyte Interphase 
When a metal is placed in an electrolyte an electrical double 
layer exists at the metal-solution interphase. The interphase is 
defined as a three dimentional transition region between two phases in 
which the properties have not yet reached the bulk of either phase. The 
structure of the electrode-electrolyte interphase is of fundamental 
importance in establishing the way electrode reactions proceed in this 
region. The electrical double-layer, or just "double layer", is the 
arrangement of two layers of charges and oriented dipoles which are less 
than a nanometre apart so producing a potential difference across the 
interfacial region. 
The earliest model of the double layer was given by Helmholtz 1131 
in 1879 who suggested that it was a layer of ions at the solid surface 
and a rigidly held layer of oppositely charged ions in the solution. The 
Helmholtz double layer is equivalent to a simple parallel-plate capacitor. 
However, in order for the model of the double layer to be viable the 
following assumptions have to be made: 
8) the separated charges at the interphase are in electrostatic 
I equilibrium 
b) there is no transfer of charge in either direction across the 
interphase with changes in electrode potential 
C) the charge in the solution near the electrode interphase varies 
with changes in electrode potential. 
Therefore the electrical behaviour of the double layer should be 
purely capacitive and that it has no parallel resistive components. 
-4- 
However, 'ideally polarisablel electrodes are ones which closely obey the 
above conditions, for example, the mercury electrode in KCI solution 
(1 mol dm -3 ). The Helmholtz model of the double layer is basically 
inadequate because the thermal motions of liquid molecules would not 
sustain a rigid array'of charges at the interphase. 
Gouy[14]and Chapman [151proposed the theory of a diffuse double 
layer with a statistical distribution of ions in the electric field. 
However, a serious defect of the Gouy-Chapman theory is that it treats 
the ions as point charges. This leads to very high values for the charge 
concentration in the immediate neighbourhood of the interphase. Stern[161 
provided a suitable correction in the form of an adsorbed layer of ions 
which have finite sizes and approach the electrode only to within a certain 
critical distance. Hence the double layer can be divided into two regions; 
next to the electrode there is a region of high field and low dielectric 
constant with a row of firmly held ions beyond which a diffuse Isyer extends 
from the plane of closest approach to the bulk solution. 
Grahame[171postulated that the Helmholtz fixed plane is divided 
into two regions. As Fig. 2.1 shows, the inner Helmholtz plane consists 
of specifically edsorbed ions and it is assumed that they have lost some 
of their water of hydration and so are closest to the electrode surface. 
The outer Helmholtz plane consists of normal hydrated ions at their 
distance of closest approach to the surface. The double layer model can 
be treated as two capacitors connected in series: 
II+ 
L fixed diffuse 
where CL= overall double-layer capacitance 
C fixed = capacitance corresponding to a fixed layer 
C diffuse : capacitance corresponding to a diffuse layer 
-5- 
Fig. 2.1 Grahame Model of the Double Layer 
- 
-S 
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The diffuse layer component becomes significantly larger than the 
capacitance associated with the fixed layer, as the electrolyte becomes 
more dilute and CL becomes virtually independent of C fixed* At very 
low concentrations a sharp minimum is obtained on aCL versus potential 
plot. This minimum is associated with the point of zero charge (p. z. c. ) 
on the electrode. 
Devanathan et al[181proposed that adsorbed solvated cations 
remained outside a layer of strongly orientated solvent dipoles. The 
inner solvent layer is penetrated by specifically adsorbed anions and 
the water molecules are thought to be adsorbed with their negative poles 
pointing either towards or away from the metal surface, depending on the 
potential. A schematic diagram of this model is shown in Fig. 2.2. 
The importance of the potential of zero charge was discussed by 
Frumkin[19,20]who explained that for anion adsorption, the p. z. c. moves 
to more negative potentials and for cation adsorption the rwerse applies. 
The direction of p. z. c. can be reversed by concentration changes when 
anion and cation adsorption occur. Hence the quantity of charge on the 
electrode can be found out by using E rat 
(rational potential). At 
positive E rat' adsorption of negative ions is favoured and at negative 
E 
rat , adsorption of positive ions occurs readily. When the size of E rat 
is small, that is, very little charge on the electrode the adsorption of 
neutral molecules competes favourably with ionic adsorption. 
More recently the work done on the interphase structure has been 
mainly concerned with the orientation of the water dipoles in the fixed 
layer[21-231. Cooper and Harrison[24-28]have reservations about dividing 
the double layer into a concentration dependent compact layer and a 
diffuse region and, particularly with regard to the structure and 
properties of individual solvent molecules within the compact layer. 
Instead, the idea was put forward that the double layer should be 
treated as a single entity with no usage of the concepts of compact layer, 
-6- 
Fig. 2.2 Model of the electrical double layer. 
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inner or outer Helmholtz planes, or contact adsorption. The structure 
of the double layer is considered to arise specifically from the known 
differences between anions and cations in aqueous solution and the net 
distributed charge acts at a mean distance, z, from the electrode. 
In conclusion, the statistical theories for the distribution of 
ions in the interphase, as well as, the study of the differential 
capacitance and p. z. c. are vital in understanding experimental date and 
looking at reactions at the electrode-electrolyte interphase. 
2.2 The Charge Transfer Process 
An electrode process is a heterogeneouschemical reaction involving 
the transfer of charge to or from an electrode vhich may be an electronic 
conductor, such as a metal, or a semi-conductor. Consider the redox 
reaction: 
k 
ze C, R (2.2) 
7- 
a 
At the equilibrium potential charge is simultaneously being donated 
and accepted by the electrode in a dynamic equilibrium. The overall current 
(per unit electrode area) flowing at a given potential can be expressed as 
the difference between the forward and reverse rates: 
i= zF(k cC0s-kacR 
S) (2.3) 
CO s and CRs are the surface concentrations of 0 and R, whilst kc 
and ka are the potential dependent rate constants given by: 
ckc0 exp 
(-a zFE 
k RT 
(2.4) 
-p 
and ka=ka0 exp I-ot)zFE 
(' 
RT 
where a is the charge transfer coefficient 
E is the electrode potential 
k0 is the value of k at the reference potential cC 
(2.5) 
and ko is the value of k at the reference potential aa 
By substituting (2.4) and (2.5) into equation (2.3) we get: 
zF kc0 10 s exp (-azFE -ka0cRs exp (1-cc)zFE ý -RT-) RT 
)I (2.6) 
At the reversible potential (E r) 
the net current is zero and 
i=i=i 
ca 
(2.7) 
i0 is defined as the exchange current density and it follows from (2.7) 
that 
i0= zFk c0 
Co s exp (-CLZFE r) 
RT 
zFk 
80cRs exp 
(1-ct)zFE 
mT-r (2.8) 
By solving (2.8) for zFk c0 
cl) s and zFk a0cRs and substituting 
into (2.6) 
xve obtain 
xp -ctzF(E-E exp (1-ct)zF(E-E (2.9) 
RT rl)- 
( 
-RT r 
where (E-E d is defined as the charge transfer overpotential, n. 1291. 
-8- 
Equation (2.9) is known as the Erdey-Gruz and Volmer equation [301. 
a) Low Overpotentials 
This is when I TIDI "ý RT or I T'D 1(<( RT 
azF I-a)zF 
A linear ove rpo ten ti al -current curve is obtained. Differentiation 
of (2.9) and putting TID `ý (3 gives 
(di ) 
T'D" 
= -zF. i 
dTID 
--. ), o 
TT 0 
(2.10) 
Since the current-overpotential relationship is of the form of Ohm's law, 
the reciprocal of the left-hand side of (2.10) is defined as the charoe 
transfer resistance R CT 
[31,321so that 
R 
CT = RT .1 (2.11) rF- li 
0 
Hi2h Overootentials 
"D RT or I "D >> RT 
azr (1-a)zF 
and one of the exponential terms in equation (2.9) can be missed out. 
The Tafel L331relationship at cathodic overpotentials is obtained: 
nD =-2.303RT log io - 2.303RT log i 
azF azF 
and at anodic overpotentials.: 
D=2.303RT log iO + 2.303RT log 
U-COZT T -1 -- 7a TF 
(2.12) 
( 13) 
- 
The exchange current density, i0, can be determined from the 
values of charge transfer resistance (R CT 
) at lov overpotentials, and 
from measurements taken at high overpotentials by extrapolating T'D vs' 
log i plots to the equilibrium potential. 
The dependence of the exchange current density on the reactant 
concentration has been shown by VetterL341to be 
i0= zF ko CO 
(1-a). cR cc 
I' 
(2.14. ) 
where k0 is the apparent standard rate constant first introduced by 
Randles[35]. 
The above theory is only applicable to reactions in which all 
electrons are transferred simultaneously. In a review by Losev[36]it deals 
with electrode reactions which proceed via successive electron transfers 
with a single rate determining step, and others with comparable rate 
constants for successive steps. 
Recently Levich[371, Marcus[381and Dogonadse D91have further 
developed the theory for simple electrode reactions using a quantum mechanical 
approach. Instead of the reaction occurring in one smooth step over a 
single energy barrier it proceeds in stages. The reactant first diffuses 
to the electrode followed by an arrangement of the ionic atmosphere and 
the orientation of the solvent molecules to form a transition state. 
Lastly the electron which is transferred, only this step is treated 
kinetically whilst the first stages of the process are all in equilibrium 
and can be solved by thermodynamics. After the electron transfer, the 
ligand bond distances are changed and the solvent dipoles and ion 
atmosphere are reorientated. There is no change in energy when an electron 
is transferred which is a mainstay in the Marcus and Levich theories. 
Finally, Levich and Dogonadse M]have worked out a detailed theory for the 
- 10- 
process of solvent reorganisation. 
2.3 Mass Transport Processes_ 
The electrode process represented by equation (2.2) 
+ ze Ir 
may be considered to be made up of the following individual processes: 
0 bulk electrode 
electrode + ze 
electrode 
R 
electrode 
(2.16) 
R bulk 
(42.17) 
The overall flow of electrons can be controlled by either process 
(2.15) or process (2.16). If the first step, given by equation (2.15), 
is the slowest then the overall reaction is limited by mass transfer of 
the oxidised species (0) to the electrode, that is, the overall process 
is mass transfer controlled. If, however, (2.16) has a slower rate than 
(2.15) the reaction proceeds under charge transfer control. Sometimes 
neither of the above processes are as slow as a chemical transformation 
involving the electroactive species, in which case the chemical transform- 
ation is the rate determininq process. 
Three modes of mass transfer are normally encountered: migration, 
convection and diffusion. 
a) Migration 
Mass transfer by migration is the result of the forces exerted on 
- 11- 
charged particles by an electric field. In the presence of a larqe 
excess of support electrolyte the migration of electroactive material is 
minimised to such an extent that it can be neglected. 
b) Convection 
In any solution undergoing electrolysis, free or natural convection 
occurs spontaneously as a result of density differences which occur near 
the electrode and may also originate from thermal or mechanical 
disturbances. Forced convection can be caused by stirring the solutionp 
rotating the electrode, bubbling gas near the electrode and so forth. 
C) Diffusion 
Diffusion occurs whenever concentration differences are set up. As 
soon as electrolysis is started a concentration gradient develops shoving 
that diffusion arises to some extent in every practical electrode reaction. 
If a planar electrode is immersed in an electrolyte solution containing the 
species 0 which is reduced according to equation (2.2) then the number of 
moles of 0 which diffuse past a given area (Acm-2) in a time dt, is 
proportional to the concentration gradient of the diffusing species. 
dN Do- 'Co 
Adt ax 
This is Fick's first law. The term dN is called the flux (q) and A. dt 
is the number of moles diffusing per unit time through unit area. D0 is 
the diffusion coefficient, defined as the number of molecules per second 
crossing unit area under unit concentration gradient. If electrolysis 
Proceeds over a period of time, C and hence 
LCO 
must decrease with time 0 ax 
because 0 is being consumed at the electrode. 
Fick's second law shows. how C0 varies with time and is summarised in 
the following manner 
cDa2c 
-Lo 01 
at ax 2 
(2.19) 
- iz_ 
By solving equation (2.19) in terms of C (x, t), equation (2.20) 0 
is obtained 
x/ 2v/(D t) 
b 
fE 2 
(x, t) 2 e-y . dy 
iT 
"2 
21 . 20 
The conditions for the solution of (2.19) are 
I 
at t=0 
at t>0 
al so %-> CO 
b 
as X ----) Co 
where %s and %b correspond to the concentrations of 0 at the electrode 
surface and in the bulk solution respectively. The instantaneous current, 
is proportional to the flux at x=0, so 
it= zFAq (0, t) = zFA D0 ;C 
t,; x- 0 )0 9t 
(2.21) 
The value of ; C, ) 
t 
is determined by differentiating equation Oz. -O 
(2.20) and putting x=0. 
The final expression for the instantaneous current at a planar 
electrode under diffusion control becomes 
= zFA D 
;"Cb 
t00 (2.22) 
-rr, 2: tk 
This equation is sometimes called the Cottrell equation. 
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2.4 Porous Electrode Theory 
a) Introduction 
A porous body consists of a framework of material traversed by 
interconnected capillaries. Electrodes with a porous structure change 
the electrochemical characteristics of the reactions drastically in 
comparison to flat surfaces because theeffective surface is about 10 
3 
to 10 5 times greater than the geometric surface. In addition, higher 
limiti6g current densities can be obtained. However, due to mass transfer 
and ohmic hindrances the current distribution over the internal surface 
is mostly non-uniform. Hence coupled effects of concentration changes 
in the pores and changes in current distribution during discharge have 
to be considered when analyzing the transient discharge behaviour of the 
porous electrode. Also, with the porous PbO 2 electrode further difficulty 
arises due to lead sulphate precipitating and gradually insulating the 
electrode surface and plugging up the pores. 
Various mathematical models have been derived for the analysis of 
the discharge behaviour of porous electrodes. De Levie ý1]published a 
comprehensive review on the work done in this area. It treats the porous 
electrode by considering only one single pore with uniform cross-section 
which is homogeneously filled with electrolyte and that the resistance 
of the electrode material is assumed to be negligible. Also by neglecting 
any curvature of the equipotential surfaces within the pore the three 
dimensional structure can be transformed into an one-dimensional body, 
hence simplifying the mathematics. There are three main groups of models 
for flooded electrodes: 
i) the pore model, 
ii) the analogue model, 
and iii) the macrohomogeneous - or continuous-model 
- 14 - 
h) The Pore Model 
The basis 6f this model is that the porous structure is represented 
by cylindrical pores, each with a constant radius, parallel to each 
other and perpendicular to the surface. Winsel [4Z]has developed this 
model thoroughly and the derivation obtained takes into account the pore 
size distribution and deviations from the cylindrical shape. 
For redox reactions Austin [43]was able to derive whether the porous 
electrode underwent a reaction which was controlled by diffusion 
(concentration gradients, Fick's Law), or by one which vlas controlled by 
resistance (potential gradients, Ohm's Law) using the equation: 
2 2C 23) ajo Dz F (2, 
RT -0 
(D is a dimensionless constant 
p is the specific resistance (resistivity) 
D is the diffusion constant for the free electrolyte- 
CO is the electrolyte concentration at the outer surface 
For a porous electrode an effective diffusion coefficient D* and 
an effective specific ionic resistance 01 have to be employed. 
Using r, *, for example 
pT=p. tortuosity (2.24) 
F porosity 
Electrode processes which are resistance-controlled have values of 1ý >5 
whereas 1ý < 0.5 for diffusion-controlled reactions. 
For a charged lead storage battery (P = 0.7. Although these equations 
were derived for redox systems with soluble reactants at inert electrodes, 
they can still be applied to the lead storage battery. Low 4) values are 
- 15 - 
obtained with these batteries showing that the reactions at the electrodes 
are affected by diffusion of acid which agrees with experimental results 
obtained by Dolezaek [44 land Burbank et al [5]. However, the pore model 
cannot be applied to cylindrical electrodes or oneý, which can be thought 
of as two-dimensional because then the direction of the pores have to be 
taken into account. 
C) The Analoque'Model 
Ir 
This model was established by Euler and Nonnenmacher[45,46]end is 
represented by electrical equivalent circuits. Therefore a network 
of ohmic and charge-transfer resistances can be used to simulate the 
behaviour of porous electrodes. What limits this model is that non-linear 
resistances must be used when the overvoltage does not very linearly with 
current density and it is difficult to take into account the influence of 
diffusion. 
The Macrohomogeneous Model 
This model was introduced by Newman and Tobias[41 and it eliminates 
the drawbacks posed by the abovementioned models. The whole electrode- 
electrolyte system is regarded as the superposition of two continua : 
the electrode matrix and the electrolyte which occupies the vo. ids within 
the matrix. In the two phases, variables, such as, potential and current 
are continuous functions of time and distance. The model is based upon 
equations describing mass transfer, ionic and electronic currents, electrode 
kinetics and conservation equations for each dissolved species. However, 
this model does not take into account structural changes when the porous 
electrodes undergo electrochemical reactions. 
Alkire et al [481 investigated flooded porous metal electrodes undergoing 
- 16 - 
structural change by anodic dissolution. Equations were derived to 
represent the pseudo-steady state which remains intact after the 
concentration gradients within the pores have become fully established. 
Later Alkire and Place[491used the steady-state approach again to 
investigate the transient behaviour of porous electrodes when a limited 
quantity of solid reactant is depleted. 
Dunning et al[50]put forward a model for the analysis of porous 
electrodes with sparingly soluble reactants. The model is based on the 
solution of a set of coupled partial differential equations representing 
the various applicable laws of transport and conservation. Non-uniform 
current distribution were considered together with variation in the 
distribution of reactants and products although the effect of pore-plugging 
was neglected. 
Micka and Rousar[51-53]applied the model to the lead-acid cell. 
Partial differential equations were derived to describe the transport of 
mass and charge through the porous lead electrode and equations for the 
lead dioxide plate, as well as, extending their model to the lead-acid 
cell as a whole. It was found that the positive PbO 2 plate always limits 
the capacity of the standard lead-acid battery. 
Simonsson[54-57)investigated the discharge behaviour of the positive 
plate in some detail. Using computational methods pseudo-steady state 
equations were solved numerically, showing that at high current densities 
the discharge capacity is limited by both structural and mass-transport 
effects. At low discharge currents the current distribution is initially 
uniform but gradually becomes uneven due to changes in electrode 
porosity and electrolyte concentration. Other workers [58-60]have also 
used the steady state approach to predict the discharge behaviour of 
lead-acid cells. 
- 17 - 
CHAPTER 3 
THEORIES OF RELEVANT ELECTROCHEMICAL TECHNIQUES 
3.1 Linear Potential Sweep/Cyclic Voltammetry 
The method involves the application of a linear potential/time 
function to an electrode and observing the subsequent voltammogram. If 
only a single sweep (anodic or cathodic) is carried out the technique 
is known as linear sweep voltammetry (LSV), but if the sweeps are 
repetitive, the method is called cyclic voltammetry. 
The abovenentioned methods were first introduced by Matheson and 
Nichols [61] and the fundamental equations which describe linear sweep/ 
cyclic voltammetry have been developed by Delahay [62], Shain[63,64] and 
others [65-68]. The two techniques have been fully utilised, for example, 
obtaining detailed description of charge transfer systems and examining 
reaction mechanisms. Also, cyclic voltammetry has been effective in the 
study of surface processes, such as, the formation and reduction of 
oxide layers on metal surfaces. 
The basic feature of a voltammogram (that is, a current-potential 
plot during the sweep) is the formation of a current peak at a potential 
characteristic of the electrode reaction taking place. The position and 
shape of current peaks obtained depend on many factors, such as, sweep- 
rate, electrode material, temperature, solution composition and the 
concentration of the reactants. The slow sweep rates are employed to 
study steady-state reactions whereas fast sweep rates are used to test 
the existence of short-lived intermediates. Only the linear potential 
sweep can give accurate kinetic parameters because the equations derived 
apply only if there are no concentration gradients in solution just before 
the start of the sweep. Cyclic voltammetry causes complex concentration 
gradients to appear near the electrode surface, hence this technique is 
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best suited to identifying steps in the overall reaction and, new 
species which occur during electrolysis. Although cyclic voltammetry 
has limitations, it is used extensively in evaluating, on a qualitative 
basis, intermediates formed in complex reaction processes. 
For a simple electron transfer process, increasing the sweep rate 
M increases the peak current density at the corresponding 
potential If the electron transfer rate is very high then reversible 
conditions prevail and the peak current density for the process (both 
reactants and products are soluble) is given by: 
5 3/2 ICo 
v" (at 25 0 C) (3.1) 2.72 x 10 z D. 
where z is the number of electrons transferred in overall electrode 
process, 
D is the diffusion coefficient (cm 
2 
S-1 ) 
is the concentration in solution (mol cm-3 
is measured in ACM-2 
and v is in Vs-l 
The peak potential is independent of sweep rate and is related 
to the polarographic half-wave potential by: 
E 1.109 RT (3.2) 
i-F 
Under totally irreversible conditions, 
3.01 x 10 
5z (2.303 RT) Dý% v'i p (3.3) bF 
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where b is the Tafel slope and the peak potential in this case is given 
by: 
E I- - b[0.52 loo(b)-log ks + 
1-2 log v (3.4) 
2DI 
where ks is the specific rate constant. 
The dependence of on v indicates the departure of the system 
from equilibrium. Provided that D is known, kS at the standard potential 
and b can be calculated from a plot of ý vs. log v. 
The described equations apply quantitatively only to first order 
charge transfer reactions with no kinetic or catalytic complications. 
3.2 The Potential Step Method 
3.2.1 Introduction 
This technique is used in studying such processes as electrocrystal- 
lisation, corrosion, passivation and so forth which are of technologir-al 
importance. 
The method involves an instantaneous change of the working electrode 
potential, from a point where its state is well defined, to a new potential 
where the reaction of interest takes place. The current-time response is 
recorded as the system relaxes to the steady-state. The transient appears 
as a sharp rise in current initially (due to double layer charging) 
followed by a current decay as a result of the reactant near the electrode 
surface. 
When the diffusion is much faster than the electron charge transfer 
or any other reaction in the sequence, the current will be independent 
of time except for the charging current. At high overpotentials where 
electron transfer is fast, and current always determined by the rate of 
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-I- diffusion, the whole transient gives a linear plot of i vs. t '. 
Under mixed control, the rates of diffusion and the other processes 
are similar, and a falling transient is observed once more. The decay 
curve, however, falls less sharply because the diffusion is only partially 
determining the rate of the electrode process. This situation applies 
to low overpotentials. Thus mass transfer is fastest at short times 
whilst at long times diffusion controls. the current decay. In the 
intermediate case the current density can be expressed by the equation L691: 
zFk Cb exp 
2t 
erfc k+k t-11 (3.5) c+ 
ke 
c a. 
DD2 
The expression has the limiting forms, 
i) at short times the equation approximates to: 
i= zFk cC0b1- 
2(kc + ka) . 
0- (3.6) 
ýi 71-- 
TT D, 
and ii) at long times it approximates to: 
b -ý- - ý-- zFk cc0 D'. t 
7r 2 (k +k a) 
(3.7) 
Equation (3.6) shows that an i vs. t relationshio gives' a linear 
plot and by extrapolating to t=0 for short timest kinetic data can be 
extracted. Equation (3.7) for long times should be linear if i is plotted 
against t-2 . 
3.2.2 Electrocrystallisation 
A. Two-dimensional model. 
The potential step method is used to investigate nucleation and 
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growth of an electrochemical process which occurs at the surface of the 
electrode. The crystal formation process-proceeds via two distinct 
stages. First, there is the incorporation of an atomic species into the 
crystal lattice. In order for this phase to occur a kink site must-be 
available for the species to adsorb on to. Furthermore, an edge is 
first required for the formation of nuclei. The second stage involves 
the thickening of the deposited layer, ýhis happens by growth occurring 
at the peripheries of the formed nuclei. 
Fleischmann and Thirsk[701have thoroughly studied the deposition 
of a new phase under controlled potentiostatic conditions and interpreted 
potentiostatic transients. The following discussion is concerned with the 
nucleation and growth model with no edge effects. 
a) Without diffusion 
i) Growth of Isolated Centres 
When a pulse is started nuclei form as discreet centres, either 
instantaneously or progressively with time, and grow[711 . The characteristic 
current-time curves in the early stages before the nuclei overlap are 
calculated on the basis of simple geometric arguments for one nucleus: 
i= zFk 5 (3.8) 
where k is the rate constant (mol m-2 sec-1) and S is the area on which 
I 
material is deposited. The current (rate of growtO is also equal to the 
rate of change Of accumulated charge with time on the surface. Hence 
using Faraday's Law, 
zFkS p zF. /d V\ 
M Vd-t- ) 
(3.9) 
where p and V are the density and volume, respectively, of the deposited 
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phase of molecular weight M. By expanding the derivative 
d V/dt 
with 
respect to the radius r, equations (3.8) and (3-9) give: 
dr MkS 
dt pdV dr 
(3.1DY 
using a cylinder as a model for the growth of a single two-dimensional 
V 
nucleus, the height of the nucleus is taken as h and 
S 2irr h (3.11) 
irr 
By substituting for 5 and V equation (3.10) becomes 
dr Mk 
dt p 
Assuming that r=0 at t=0, equation (3.13) is integrated with 
respect to time to yield the time dependence of the radius of a single 
nucleus, 
Mkt (3.14) 
p 
Substitution for r in equation (3.11) followed by insertion of S into 
equatibn (3.8) gives the current for the growth of a single centre as a 
function of time 
27TzFk 2 hMt 
p 
(3.15) 
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However, a large number of nuclei will exist at a given time on 
the electrode surface. Hence, the factor N0 is introduced which is the 
total number of nuclei for the simplest case of instantaneous nucleation. 
It is assumed that no new growth centres occur after the imposition of 
the pulse, hence equation (3.15) for the total current becomes 
i= 2nz N0 Fk 
2hMt (instantaneous nucleation) (3.16) 
F 
41 
which predicts a linear dependence between i and t. 
The expression for progressive nucleation can be calculated given 
that the number of nuclei at any time is given by: 
N (1-(exp - Alt)) (3.17) 
where N is the number of nuclei at any one time, N0 is the initial number 
of nuclei and A' is the nucleation rate constant. Differentiating equation 
(3.17) with, respect to t followed by the fact that at short times N4N0 
then the differential dN/dt is given by 
dN N A' 
dt 0 
(3.18) 
As nucleation and growth occur simultaneously the resulting current at 
time t after the start of deposition can be shovn by equation (3.19) 
i (u) 7dN du ý, FE 
) 
t-u 
(3.19) 
where u is the age of the nucleus. By substituting equations (3.15) and 
(3-18) into equation (3.19) the total current due to simultaneous grouth 
and nucleation is obtained: 
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i=n zFk 
2hMN Alt 2 (progressive nucleation) (3.20) 
P 
Similar equations for other geometries are listed by Harrison 
and Thirsk [71]. 
ii) Overlap of Growth Centres 
Equations (3.16) and (3.20) predict that the current is infinite 
with time, which is unacceptable because -, at some point during the deposition 
neighbouring centres overlap. Hence the area available for growth decreases 
as overlap increases. 
When the growing centres overlap randomly, Avrami[721has shown that 
s1=I- exp (-S lex) ( 3.2 1), 
where S lex = ITr 
2, is the top area of an isolated nucleus and SI is the 
actual area when considering overlap. 
For instantaneous nucleation S lex will be 
S lex =N0 ITr 
2 
(3.22) 
and for progressive nucleation 
s lex ý 'n 
lr 
(u) du (3.23) 
t-u 
substituting for r with r= MAN from (3.14) gives 
Slex N0k2 rl 2t2 (instantaneous) (3.24) 
p2 
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Slex N0 Alk 2M2t3 (progressive) (3.25) 
2 3p 
Substitution into equation (3.21) yields 
5 1-exp(- 7N 
0k2"2t2 
(instantaneous) (3.26) 
p2 
and 
223) '17) I-exp(-ITN 
0 
Alk Mt (progressive) (3.. 
3P 
For circular two dimensional nuclei, the volume per unit area of 
total surface is V=51h and if equation (3.9) is introduced then the 
following expressions for potentiostatic transients are produced: 
2zFiT. N0hk2Mt. ) exp 
(- 'T Nk2 ý12 t 
2) (instantaneous) (3.28) 
p0 
ý2 
zF. IT N Alh k2mt2) exp 
(TN AIk2 r12 t3) (progressive) (3.29) 0P0-2 
3P 
Equations (3.28) and (3.29) have the characteristic shapes shown in 
Fig. 3.1 when plotted in non-dimensional form. The experimental i-t plots 
sometimes, have a similar shape. The maximum current (im) and time(t M) 
are given by differentiating (3.28) and (3.. '19). 
At very short times the current increases linearly vith t 
(instantaneous nucleation) or t2 (progressive nucleation) because the 
exponential terms in both cases are approximately equal to 1. However, 
at long times (t > tmax) the exponents dominate, and ln i varies linearly 
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vith t2 (instanLaneous) or t3 (progressive). 
Another current/time relationship can be achieved by dividing both 
the above equations by t and t2 respectively. By taking logarithms of 
both sides of the equations the following expressions occur, 
ln (i/Q =a- bt 
2 (instantaneous) 
If 
(3.30) 
In (i/t 2 a' - blt 
3 (progressive) (3.31) 
Only in a few situations, for example, deposition on amalgams the 
formation of a true monolayer is found. In most cases though, the 
production of successive layers of deposit is observed. Hence different 
transients are obtained and this multilayer deposition has been studied by 
many workers -[73-751, 
including the numerical work by Armstrong and Metcalfe 
1761who considered the contributions to the transient from the formation of 
50 two-dimensional layers. Fig. 3.2 shows the contributions from the first 
5 monolayers together with the total current observed; it was discovered 
that the limiting value for the current was reached after four or five 
monolayers. 
b) With diffusion 
Using the nucleus in the previous section, it is considered here 
to grow by diffusion, two-dimensionally and without overlap. The radius 
(r) at time t was shown 177] to obey the equation 
r0 (Dt)½ (3.32) 
where f? is a constant controlled by the potential, M and p, and D is 
the solution diffusion coefficient. 
Using Avrami's treatment 172]the following expressions are obtained, 
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Fig. 3A Theoretical current -time curves' according to: 
(a ) equation ( 3.28 ) 
1.0 
(b) equcifion ( 3.29 ) 
1.0 
ous 
Fig. 3-2_ Total current transient for layer by layer growth 
showing contribution from indivýuat layers 
/%, If 0%%%. 
f% 
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2D 
exp WO 
2 DN 
0 
t) (instantaneous 
nucleation) 
qm TOD 
2DN0 A't exp -IT9 
2D NnAlt 
2 (progressive 
2 nucleation) 
where qm is the charge for the monolayer. 
B. Three-dimensional model Ir 
(3.33) 
(3.34) 
Three-dimensional growth is basically obtained by layer-by-layer 
growth. As shown in Fig. 3.3, Armstrong et al [781have used a three- 
dimensional model of growth of right circular cones where the rates of 
advance are defined as V 11 V21 VY Considering a slice x 
from the 
surface and height dx growing out horizontally, assuming that the nuclei 
are randomly distributed on the surface and that the Avrami equation can 
be employed to describe the interaction of slices at a height x, then 
finally the current due to a. layer comprising all the cylinders of height 
dx can be written as 
di = f(x)dx = 2zF N Mk2 
(t-x exp -11h[ok 
2M2 (t_x ] dx (3.35) 
0v2 
2) p2 
for the case of instantaneous nucleation, xjhere V2 is the growth velocity 
perpendicular to the plane and kI is the rate constant parallel to the 
plane. Integration and substitution of V2 by the related rate constant 
k2 gives 
2 112 2 i= zFk 2 1-exp 7%k, t 
(3.36) 
P2 
6- 
At short times the current is given by 
zFk 
2k 
7r NM2t2 120 (3.37) 
28 - 
Fig. 33 Three-dimensional models 
(a) growth of circular cones on an inert substrate 
(metal deposition) - 
(b) growth of circular cones on a substrate of the 
some material, the base plane moves with 
velocity V3 (metal deposition) 
v 
2 
(c) current only flows into the uncovered area 
(passivation) 
v 
2 
V2 
The following expression is obtained when considering progressive 
nucleation: 
zFk 1-exp -701 
2k2N Alt 3 (3.38) 2 
3p 
&- 
I 
The model can be used to explain passivation. Here the species 
must spread from the electrode to the nucleation centres in order to 
'r 
increase expansion. If the species is considered to go through only the 
uncovered electrode area, hence as time approaches infinity, the current 
reaches zero. By assuming that the velocity of advance (V 2) 
(perpendicular 
to the electrode) is proportional to the uncovered surface area, then 
equation (3.38) is obtained for progressive nucleation. 
zFk I-exp 7r M 
2k2 
N Alt. 
3 
exp ,TM 
2k 2NA 
t3 (3.301) 21o1c 
3p 2 3P2 
Equation (3.39) describes a maximum in the i-t curve given by 
i zFk (3.40) m 
and 
32 (3.41) m 
ln 2 
22 Tr M k, NA 
Also it=0.208 zFk 
23 
(3.4,2) mm2 
30 
2 IT ,kI t1o A) 
hence k,, k2 and A' can be eliminated if the above values are substituted 
into equation (3.39) and Fig. 3.4 shows the resulting reduced plot. Fig. 
3.5 exhibits two i-t transients, one for equation (3.38) corresponding to 
progressive-three dimensional growth without passivation and the other 
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Fig. 3.4 TheorefiCCLI ýot for 3-D progressive 
nucleation corresponding to eq . 
(3.39 
1" 
1.0 
E 
Fig. 3. S Predicted i-t curves for 3-0 progressive 
nucleation 
(A without passivation eq. (3.38) 
(6 with subsequent passivation , eq. (3.39 
1 
1-0 
t trý 1 
2-0 
equation (3.39), where subsequent passivation occurs. 
3.3 The A. C. lmpedýnce Technique 
3.3.1 Introduction 
This method is used to study the a. c. impedance characteristics of 
an electrochemical system. Kinetic parameters related to the electrode 
concerned can be evaluated to give a better understanding of the reaction 
mechanisms occurring at it. With this technique it is possible to examine 
simple charge transfer processes and more complex ones which involve 
specific adsorption of reactants or products, as well as, chemical reactions 
preceding or following the charge transfer process. 
There has been some industrial application of the a. c. impedance 
method to fuel cells, batteries, electrochemical synthesis, electrolysisp 
electroplating, etc. Also, in some cases, the state of charge of primary 
and secondary cells have been determined. 
In normal electrochemical techniques, the voltage applied to the 
two electrodes in the cell is kept constant during the current measurement. 
For the alternating current method, an alternating voltage (v) of relatively 
small amplitude (3mV) is superimposed on the potential difference, and the 
current contains an alternating component of amplitude i. When the 
amplitude of v varies sinusoidally with time (t) , and w ith frequency 
(f 
the following expressions are obtained: 
w= 21ff (3.43) 
V 
max sin. ut (1.44) I 
i=I 
max sin 
( wt - ý) (3.45) 
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and Z cell ýv max 
arg Wz cell 
I 
arg (3.46) 
1 
max 
where Z cell 
is the impedance of the cell and ý is the phase angle between 
the current and voltage. 
In electrochemistry the reactances most often observed are capacitive, 
giving a negative quantity on the Argand diagram. However, it 
is normal 
practice to use the. first quadrant of the complex plane to display 
them 
(Sluyters Plot). Also the Randles Plot allows the impedance to be resolved 
into resistive and capacitive components which are plotted against W- 
3.3.2 The Cell Impedance 
Warburg L791first calculated the faradaic impedance of a cell although 
double layer capacitance was neglected. Next, Randles [801described the 
impedance for fast electrode reactions in a galvanic cell with a simple one 
step redox reaction, the rate of which is controlled only by charge transfer 
and diffusional mass transfer processes. Fig. 3.6 shows a network [81,82] 
of resistances and capacitors which represents the impedance of an electro- 
lytic cell and is usually described as a Randles Circuit. Rn is the 
ohmic resistance of the electrolyte solution between the electrodes and 
C dL is the double layer capacitance which varies with d. c. potential, 
and is dependent on the concentration and nature of the electrolyte. 0 
is the charge transfer resistance which represents the activation polari- 
sation of the electrode reaction, (also related to the rate of reaction). 
The Warburg impedance W (W =Rd+Cd) is the impedance to a. c. current 
due to the charged species diffusing to and from the electrode. 
Solution of Fick's second law of diffusiong taking into account the 
appropriate boundary conditions, allows the Warburg impedance to be 
represented by a series combination of resistive and capacitive reactance: 
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A 
ow -i aw 
(3.47) 
where cy is the Warburg coefficient. 
w is th-e angular frequency of the alternating current. The charge 
transfer resistance E), and the Warburg coefficient a, at the equilibrium 
potential are given by: 
E) RT 
Z2 F2k 'sh CC a CR 
(1 a) (3.48) 
and 
RT +1 (3.49) 
CR DR 
At potentials other than the equilibrium potentials, 0 and a can be 
expressed in terms of bulk concentrations providing equations (3.48) and 
(3.49) are accordingly modified [83]. 
Sluyters [84]and Sluyters-Rehbach [85]managed the interpretation of 
the total cell impedance in terms of Ih ,C dLI 0 and cy, and represented the 
frequency dependent impedance of the simple electrode, by plotting the 
impedance as a vector in the complex plane. The procedure involved 
plotting the real component Z' against the imaginary Z" of the cell 
impedance, as a function of some varied parameter, e. g. frequency, 
concentration or d. c. potential. 
Using Randles circuit (Fig. 3.6) the cell impedance is given by: 
dL (0 + aw-ii - icrw-l5 
After separation of the real and imaginary parts of Z the following 
is obtained: 
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Fig. 3.6 Rectricat analogue of the electrode 
interphase 
R, += d Cd 
Fi 9.3.7 Complex plane display- diffusion control 
L4)= 0 
c3 
c 
.a 
ci 
E 
N 
00 
Z' (reat) 
iz" 
where Z' and Z" are given by: 
-3-- Z' =R2+0 -1- GW 4 (3.52) 
(CW', 'c +l) +w c (G+aw- dL dL 
and 
ZI, 22 -2 wC dL (O+cw +ccdL+ CTW (3.53) 
(aw-l, C +1)2 +w2C2 (E)+aw- 
'12 )2 
dLdL 
At low frequencies, the effects of the double layer capacitance can be 
neglected and the impedance Z from equation (3.51) reduces to: 
Z. =R0+ E) -+ crw-! 
' 
-i (aw-l' + 2cy 
2c 
dL) (3.54) 
The impedance tends to W and Fig. 3.7 shows a plot on the Argand 
diagram which is a straight line of 45 0 slope. 
At higher frequencies and with a fairly irreversible reaction, the 
concentration polarisation can be neglected, and equation (3.51) becomes: 
Z=R+ iwc dL 02 
I+w 2C2C2 --2 - dL -2 ý2 I+W-c ýLe 
Fig. 3.8 shows a Sluyters plot. 
(3.55) 
A semicircle is displayed which is 
due to 0 and C dL acting as a parallel resistance and capacitance, and 
shunted along the real axis from the origin by the ohmic resistance of' the 
electrolyte (R Q 
). Also, C dL can be calculated using the frequency at the 
top of the semicircle: 
E) c dL 
(3.56) 
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Fi g. 3.8 Complex plane display- charge transfer 
c ontrol 
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Fig. 3.9 Complex plane display -mixed control 
dl. 
RQ 
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At lower frequencies the diffusion polarisation distorts the semi- 
circle. Fig. 3.9 highlights a 45 
0 slope at low frequency. 
3.3.3 Practical Considerations 
The simple electrochemical process has been extended to incorporate 
the effects of surface processes by Grahame [86]and Sluyters [851. 
The use of extra resistances and capacitances in the simple electrode 
analogue are used to represent the adsorption of species. If the adsorbed 
species are able to undergo a redox reaction, then extra components are 
added to the analogue, in effect, shunting the double layer [87]. The 
review by Armstrong et al [881extends the discussion of complex reactions 
to passivity, nucleation and growth processes. It was shown that differences 
in the impedance spectra can be used to distinguish, between cases of two- 
dimensional nucleation and growth, and adsorbed intermediates. 
Impedance measurements are being carried out on complete cells [89,901. 
As the cells are discharged the impedance spectra vary and hence a state-of- 
charge test can be developed based on a frequency-response experiment. Thus, 
the existing impedance theory can be extended so that the behaviour of 
commercial cells can be better understood. However, difficulties occur 
due to the fact that for planar electrodes, the current lines are 
perpendicular to the surface whereas for porous electrodes they are 
effectively parallel to it. As a consequence, the Warburg impedance for 
the porous electrode is dependent on terms proportional to w-"' rather 
than w-' in equation (3.47). Also, the high-frequency semicircle which 
cuts the real axis normally for the planar electrode, comes off at Tr A in 
the case of the porous one. The usual method of dealing with the porous 
electrode is to use the method of "squaring"[411. This involves doubling 
the phase angle of the impedance locus and the amplitude is squared. 
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Darby [911and Gutmann [0121have described inductive impedances in 
some detail, however, with the work done, on porous PbO 2 described in later 
chapters, the impedance plots contain no inductive parts, especially at 
high frequencies. 
f 
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CHAPTER 4 
REVIEW OF WORK DONE ON PbO 2 IN H2 so 4 AT LOUGHBOROUGH UNIVERSITY 
(1975-1981) IN CONJUNCTION WITH CHLORIDE TECHNICAL LTD. 
The work carried out by P. Casson (10575-1978) was concerned with the 
electrochemistry of solid B-lead dioxide and porous lead dioxide electrodes. 
Techniques, such as, linear sweep voltammetry, potentiostatic pulse experiments 
and a. c. impedance measurements were employed in studying the electrochemistry 
of the lead dioxide. The data oained from these methods enabled a model 
to be put forward to explain the reduction of ý-PbD 2 to PbSO 4 in 5M H 2SC4' 
The discharge process is controlled by charge transfer and terminated by a 
blocking film of PbSO 4 which conducts only by a high field process. In other 
words, the current through the PbSO 4 is due to high field ion conduction 
and is small compared with the current at the uncovered areas of the 
electrode. The current through the uncovered areas of the surface is 
charge transfer controlled. Also the reduction of the porous electrode 
was not diffusion-controlled (via the electrolyte) and there was no 
evidence for a nucleation process. Scanning electron microscopy (SEM) 
was used to confirm the electrochemical data obtained from the above 
experiments carried out. 
A variety of alloy supports have been investigated concerning the 
effect that the solid/porous material interphase has on the electrode 
behaviour. Additives used in lead were, for example, antimony, 
aluminium, bismuth, cadmium, tin, barium, arsenic and copper. It was 
discovered that the porous lead/antimony (6'0) alloy was far superior to 
the other porous alloys because it could be cycled quite extensively with 
no disastrous loss in charge output in the reduction. Bismuth was the 
only additive to enhance the porous electrode behaviour whereas the other 
additives all had marked detrimental effects. 
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Kelly (1978-1981) used the same techniques as mentioned earlier 
when investigating the formation of lead dioxide on both the 
flat lead/ 
lead alloy electrode and the porous electrode. (The latter electrode was 
produced by oxidation of a stlandard automotive positive paste an a 
lead/ 
lead alloy base). -The electrochemistry 
of the pure lead and lead alloy 
electrodes (flat and porous) were studied. The alloys used were 
lead- 
antimony, lead-bismuth, lead-tin-calcium. and, lead-tin-bismuth-calciunni 
at various levels of bismuth addition. The impedance studies have shown 
the appearance of an inductive loop in the impedance loci of PbO 2 layers 
on Pb-Sb alloy, which was absent in the same experimental range with 
other alloys. An analogue was produced which describes the discharge 
process of the PbO 2 electrode. The reaction is controlled 
by charge 
transfer and diffusion in solution in series with a leaky capacitance 
representing the sulphate layer. 
It was again found that addition of antimony to lead in the positive 
grids resulted in them having a greater retention of ective material. 
Also a certain concentration range of bismuth displayed some useful 
significant effect on both lead and lead-tin-calcium alloys. 
As yet the importance of antimony is not fully understood, especially 
the mechanism by which the metal in the grid alloy delays the onset of 
positive plate failure-is unknown. However, cells containing antimonial 
lead grids have a larger cycle life than similar cells with pure lead and 
lead-tin-calcium arids. The Pb-Ca alloy is used extensively in the 
maintenance-free battery because it reduces the float current, hydrogen 
evolution and water consumption quite considerably when compared with the 
lead-entimony alloy. If the Pb-Ca cell discharges too deeply, however, 
recharging is very difficult. 
Adding bismuth, in the range 0.1-0.4', 10[121, does not seem to harm 
the maintenance-free characteristics of lead-tin-calcium alloys. However, 
a detailed study of introducing bismuth in batteries showed that it caused 
an increase in the amount of positive shedding and gave rise to grid crowth. 
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CHAPTER 5 
EXPERIMENTAL TECHNIQUES 
5.1 Electrolytic Systems 
5.1.1 Electrolyte Solutions 
The electrolyte solutions were prepared from Analar grade chemicals 
r 
and water tri-distilled from dionised stock. Any dissolved oxygen was 
removed from solutions by the passage of white spot nitrogen, which was 
0 deoxygenated by passing over copper at 400 Cand prehumidified for at 
least three days prior to measurement. 
5.1.2 Electrolytic cells 
All the cells were made from borosilicate glass and cell fittings 
were attached via lubrication-free ground glass joints. The cells 
together with all glassware were cleaned by total immersion in a 50 : 50 
mixture of nitric and sulphuric acids for a minimum period of three days. 
The acid mixture was removed by thoroughly washing with tri-distilled 
water. 
A conventional three-limb cell, shown in Fig. 5.1, was used for both 
cyclic voltammetry and potentiostatic pulse experiments. For the a. c- 
impedance measurements, both the working and counter electrodes were in 
the same compartment with the large surface area counter electrode surroundingýK 
the working electrode. 
Using the cell depicted in Fio. 5.41 galvanostatic charging was carried 
out in an upward-facing position to prevent oxygen remaining in the porous 
matrix. 
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Fig. - 5.1 
Three compartment cell 
A- Counter 
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D 
Fig. 5.2 
Formation Cell 
A- Provision for the reference electrode 
B- Counter electrode 
C- Working electrode 
C 
5.1.3 Planar electrodes I 
These electrodes were made as rotating disc electrodes (RDE) as 
shown in Fig. 5.3. The lead and lead-alloys were machined to produce 
electrodes of cross-sectional area 0.071 CM2 which were set in Teflon 
receptors. A stout steel spring was then soldered onto the back of the 
electrode, ensuring good electrical contact with the shaft of the RDE 
assembly, and the receptor was screwed into a hollow Teflon holder. This 
arrangement allowed the simple removal of the working electrode for 
scanning electron microscopy (SEM) examination. A mercury I pool provided 
the contact between the rotating electrode and the external circuit. 
The preparation of the electrode surface, consisted of, a polish on 
roughened glass followed by a chemical etch (I(r% nitric acid solution 
for 10 sec) and a thorough rinse with tri-distilled water. 
5.1.4 Porous electrodes 
The porous electrodes were constructed by arranging the solid support 
(lead or various lead alloys) to lie beneat h the level of the Teflon 
shrouding. By forcing the positive paste into the cavity, a porous 
layer was produced (3 mm diameter, 0.76 mm deep) which terminated the 
lead electrode. Following the pasting of the recess, the electrode was 
allowed to stand in a humid atmosphere for three days and then dried at 
room temperature (23 ±10 C) for one day. 
The porous matrix was converted to lead dioxide by galvenostatic 
-2 oxidation (0.3 r-1 HISO 25 mA cm ) which was continued until the A. 4 
potential was steady (1250 mV vs. Ho/Ho 2 so 4 in 0.3 11 H2 so 4 ), and oxygen 
was freely evolved from the porous matrix. -The electrode was converted 
to lead dioxide in the upward-facing position to effectively release 
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Fig. S. 3 Working electrode 
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oxygen because otherwise it would saturate the matrix and interfere with 
the oxidation. 
5.1.5 Counter and Reference electrodes 
For the cyclic voltammetry and potentiostatic pulse experiments the 
counter electrode was a pure lead rod (ý9.99,0. 
In the a. c. impedance experiments a large surface area pure lead- 
sheet, which surrounded the working electrode, was employed. 
The potentials were always measured with reference to a Hg/H92SO4 
electrode in H2 so 4 of the same concentration as the working solution. 
Fig. 5.4 shows the construction of-the wick-type reference electrode. 
5.2 Electrical Circuits 
5.2.1 Linear sweep/cyclic voltammetry 
Fig. 5.5 shows a schematic diagram of the experimental arrangement. 
A 2-80 microprocessor-based 64 K system (Kemitron 3000) with a twin-floppy 
disc access facility equiped with D/A (digital to analogue) and AID 
(analogue to digital) interfaces was used [93]. The voltage ramp needed 
to perturb the electrochemical system was obtained by generating a set of 
the corresponding digital potentials and transmitting them via the D/A 
converter. Following the potential sweep the current response of the 
system was immediately transmitted to the computer memory via the AID 
converter. The numbers representing the outaoing voltage ramp and the 
resulting current response were filed on discs and were either printed 
out or shown graphically using a digital-plotter (Watanabe WX4671). The 
output part of the computer was connected to the external input of a 
potential (Hi-Tek, Type DT 2101 or Kemitron POT. 03) and the potential 
of the working electrode was varied potentiostatically from any desired 
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FIG. 5.5 
value. The voltage output from the potentiostat corresponcbd to týe current 
flowing through the cell and was transmitted to the input part of the 
computer. The programs needed to drive the experiments, to plot and 
process data were written in Microsoft BASIC language operating in a 
Digital Research CP/M 2.2 environment. The output and input signals of 
the computer were monitored an a dual channel oscilloscope (Hameg HN 512). 
5.2.2 PotentiostatiC DUlse experiments 
The arrangement used is very similar to the one in Fig. 5.5. 
However, as Fig. 5.6 shows, the computer (via the D/A converter) can 
instantaneously impose a potential on the working electrode via the 
potentiostat. The data from the potentiostat were captured by a transient 
recorder (Datalab, DL 905) which in turn was transferred to the computer 
via a 8255 P. P. I. (programmable peripheral interface) chip. An 
oscilloscope was used to display the data recorded by the transient recorder. 
5.2.3 Faradaic Impedpnce Measurements 
Fig. 5.7 shows the experimental set-up used for a. c. impedance 
measurements. It is based on the Solartron 1170 Frequency Response 
Analyser (F. R. A. ) with an 1186 Solartron Electrochemical Interphase to 
control the potential. The F. R. A. consists of a programmable generator 
which delivers the perturbing signalv measures the system response, 
analyses the result vith the aid of a correlator, and displays it. 
The F. R. A. can reject all harmonics present in the output of the 
system and minimises the effect of random noise. The generator can be 
programmed to choose a frequency and measure the response at that frequency, 
or more often to scan through a range of frequencies from the hichest 
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10 kHz to I mHz. The equipment can scan sequentially in either direction. 
At each frequency the response is averaged over a number of cycles and 
then displayed in one of three possible ways: resultant impedance (R) 
and phase angle (ý), log (R) and ý., or the real and imaginary parts of 
the impedance. The Solartron Data Transfer Unit is used to store the 
results and can be printed out on a teletype printer or paper punch tape, 
and simultaneously plotted using a Solartron 1180 Plotter Interface and 
X-Y recorder (Bryans 26000, A3). 
The, paper punch tape facility allows the data to be fed into the 
Honeywell Multics DPSS/M University computer. A graphics terminal 
(TEKTRONIX) was then employed to obtain the complex plane (Sluyters) 
plots and Randles plots. 
This facility enabled the use of a computer program to obtain 
theoretical model fits to the experimental data as will be seen in later 
chapters. 
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CHAPTER 6 
THE BEHAVIOUR OF PbO 2 IN CONCENTRATED 
SULPHURIC ACID 
6.1 -Introduction 
Traditionally the concentration of sulphuric acid in lead acid 
-3 cells is about 5 mol dm in the fully-charged'condition. Automotive 
batteries with the requirement of generating high engine cranking 
capability are furnished with electrolyte solution at a somewhat higher 
final concentration (sg. = 1.280) and standby batteries with the require- 
ment of low loss due to local action at the negative plate contain a rather 
lower concentration (maybe as low as sg. = 1.210). With the introduction 
of fully-sealed lead cells containing a static phase on which the electro- 
3 lyte is absorbed the concentrations within the cell may exceed 5 mol dM_ 
There is surprisingly little in the literature regarding the behaviour of 
the two lead cell electrodes in sulphuric acid concentrations greater'then 
3 5 mol dm- . Consequently it was considered timely to examine 
the behaviour 
of PbO 2 at these hicher concentrations. 
6.2 Experimental procedure 
The electrometric experiments were made using the micro-computer 
described in Chapter 5. In the present case, the computer commanded the 
potentiostat (Hi-tek, Type DT 2101) and the output was monitored on the 
dual channel oscilloscope (Hameg HM 512). 
Electrodes were prepared with lead (99.999"C', Koch-Light) as the 
control working surface (0.071 cm') of a rotating disc electrode. The 
reference electrode was Hg/Hg2SO4 in the same H2 so 4 electrolyte solution 
as the working electrode. All measurements were made at a room temperature 
of 22 ± 10C. 
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6.3 Results and Discussion 
At each sulphuric acid concentration the lead electrode was cycled 
between the limits 550 and 1550 mV at the appropriate rate of potential 
sweep to a constant response. This was found to require about 1.5h 
potential cycling. 
Fig. 6.1 shows a typical current response corresponding to a cyclic 
linear sweep between the limits 600 - 1450 mV. For the cases with no 
interference from gaseous evolution, e. g. as in Fig. 6.3, the anodic 
and, cathodic charges balanced to within experimental limits. Well-defined 
oxidation and, a rather shallow, reduction peaks are obvious. These are 
similar to previously reported data [941 and the effects of potential 
sweep rate on the peak oxidation currents (i p) are shovn 
in Fig. 6.2 
for the various acid concentrations investigated. It is clear that the 
expected iP- '0 (v = potential scan rate) relationship is observed, 
although at the low concentrations the lines do not extrapolate back 
through the origin in agreement with the work of Hampson at al [94]. 
The peak currents found for the oxidation of the lead used in that work 
[941 were significantly smaller than those observed in the present study. 
This is apparently the influence of the low level impurities in the lead, 
on the earlier work. This is confirmed by work reported in Chapter 8 
with similar antimony/lead binary-alloys when results agreed to within 
5%. The lead in the earlier work [941 contained Ag (0. '0025 wt, 'G), 
Cu (0.0026 wt'U), Ti (0.0025 wtl, o) and Bi (0.010 wt%') and further work 
will clearly be needed in order to decide uhich of these materials is 
exerting the protective effect or whether there is any synergism. 
It is clear from Fig. 6.2 that there is a large decrease in the peak 
currents in passing from 5_mol dm -3 to 10-mol-ldm -3 P 2SO4 the greatest 
relative change occurring in the region around 5 mol dm -3 . 'At t, 
-3 " of concentrations around 7 mol dm the recoverable charge was - 25,1J 
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Fig. 6.1 : Constant response curve for pure Pb 
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that obtainable at 5 mol dm -3 as shown by Table 6.1 which contains data 
obtained by direct integration of the anodic current in the stabilized 
voltammogram. This was done by utilising the on-line computer using the 
'extended Simpson's rule technique' [0.5]. Table 6.1 shovs a maximum 
-3 at 7.0 mol dm . This local maximum is maintained at all rates of 
potential sweeping in replicate experiments. It can be concluded that as 
the concentration of sulphuric acid is increased, the form of the lead 
sulphate film becomes passivating at a smaller deposit thickness. If the 
reaction is controlled by a film as is clear from earlier work that if the 
film is more mechanically sound at high concentrations the i -V" relation- p 
ship will clearly be justified. Hence it seems that a mechanically sounder 
film is being produced at the higher concentrations. An alternative 
explanation is possible in terms of the change in peak potentials producing 
a PbSO 4 film which is tighter on the electrode. however, at the formation 
potentials corresponding to the higher concentrations, this explanation does 
3 
not seem-to-be tenable in view of the local charge maximum at -7 mol dm- 
6.3.1 Note on the stability of PbO 2 in H2 so 4 
In the course cf this investigation an attempt was made to use PbO 2 
as a reference electrode. This was done by forming a thick deposit of 
PbO 2 on a lead rod (0,05.9990, ', Koch-Light) by employing the Plante formation 
process 1961 using perchlorate ion as the aggressive ion. The conventional 
thickness of PbO 2 was generated on the lead base according to practice 
established over many years in the lead-acid industry. 
It was found that the electrode could be used satisfactorily up to 
a concentration of 6 mol dm -3 with the well-defined peaks occurring at the 
expected overpotentials. A typical voltammogram is shown in Fig. 6.3 for 
5 mol dm -3 H, 2SQ 4 solution. 
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Charge (mCcm-2) contained in the positive-going sweep 
in various concentrations of H2SO4- 
Concentration 
of H2SO 
(mol dm-ý) 
Sweep rate 9(mVs-1) 
100 75 so 
5.0 3.333 4.532 8.490 
5.5 2.238 2.965 5.010 
6.0 1.355 1.942 2.546 
6.5 0.976 0.191 1.226 
7.0 1.402 1.543 1.926 
10.0 0.950 0.970 1.137 
Fig. 6.3 Constant response curve for"pure Pb for the range 
300 -, 200 mV after cycling for 1.5, hours. Sweep rate, 
100 mvs-1. 
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For concentrations in excess of 6 mol dm -3 the form of the volta- 
mmogram vas a gradually rising line in the anodic direction. The only 
feature occurred at - 1000 mV (working electrode vs. TbO 2 reference, 
) 
where on the cathodic sweep the current rose abruptly and fell progressively 
to - 1400 mV. An examination of the reference electrode indicated that it 
had been transformed to PbSO 4 presumably by the reaction between the Pb02 
on the surface and the underlying Pb 
I 
Pb + PbO 2+ 2H 2 50 4- 2PbSO 4+ 2H 20 
The implication is that the strong H2 so 4 solution is able to 
penetrate the barrier between the PbO 2 and the Pb whereas the more dilute 
(5 mol dm -3 ) solution could not. It would appear that the PbO 2 produced 
on Pb in concentrated (7 mol dm -3 )H2 so 4 forms a barrier layer sufficiently 
passivating for penetration by the electrolyte solution. The barrier layer 
between Pb and PbO 2 for the case of PbO 2 produced on Pb in dilute electrolyte 
is not so effective in excluding the molecules of H2 SO 4 from concentrated 
electrolyte solution and the self-discharge reaction occurs. No chemical 
evidence was found for the development of peroxodisulphuric acid via a 
reaction of the type: 
3H 2 so 4+ PbC 2 --+ H2s208+ PbSO 4+ 2H 20 
This is an 'important technological point for it implies that in 
certain cell situations recharging ir? dilute electrolyte which ultimately 
increased in concentration considerably above 5 mol dm -3 (possibly in the 
contemporary static electrolyte phase battery) could give rise to undue 
Positive cell self-discharge and enhanced positive plate corrosion. 
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6.4 Conclusions 
1. Increases in H2 so 4 concentration above 
5M results in decreased charge 
output of the PbO 2 electrode. 
2. The self-discharge of positives is increased in H2 so 4 at concentrations 
greater than 6M. 
Ir 
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CHAPTER 7 
MORPHOLOGY OF PbSO 4 FORMED 
ON SOLID Pb IN CONCENTRATED SULPHURIC 
ACID 
7.1 Introduction 
In Chapter 6 the behaviour of PbO 2 in concentrations of 
H2 so 4 in 
excess of 5M was investigated. This was approached by carrying out linear 
sweep voltammetry (LSV) on pure solid lead in different high concentrations 
of sulphuric acid at a series of sweep rates (10-100 mVs-1). It was found 
that the maximum peak current values (i P 
), and hence the charge valuesp 
-3 -3 decreased dramatically in passing from 5 mol dm to 10 mol dm H2 so 4' 
This indicated that as the concentration of sulphuric acid was increased the 
form of the lead sulphate film became passivated at a smaller deposit 
thickness. 
In this chapter photographic evidence in support of the electrochemical 
data is shown. 
7.2 Experimental procedure 
The computer-controlled experimental set-up and electrode preparation 
have been described in Chapter 6. The linear sweep experiments were carried 
out at 23 ± IOC with a Hg/H92SO4 reference electrode which was in the same 
H2 so 4 electrolyte solution as the working electrode. The pure lead 
electrodes were cycled to a constant response between the limits 550 mV 
and 1550 mVj finally being held in the PbS04 region (550 mV). Again, the 
time needed for constancy was approximately 1.5h. The sweep-speed, v was 
kept constant, that is v 100 mVs-1. 
The experiments were performed in 5.0,7.0 and 10.0 mol dm -3 sulphuric 
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acid on pure lead rods (diameter = 0.3 cm) shrouded in Teflon in the 
form of stubs which screwed into the end of the rotating disc electrode 
[97]. After the electrochemistry had been carried out at the solid 
electrode, the electrodes were washed with tri-distilled water, rinsed 
with acetone and stored in a vacuum desiccator. For SEM observations 
the stubs were coated with a thin layer of gold by diode sputtering and 
examination was performed using a Jeol JSM 35 scanning electron microscope. 
7.3 Results-and Discussion 
Fig. 7.1 shows the surface morphology of a pure lead electrode after 
redox cycling for 1.5h in 5.0 mol dm -3 H2 so 4* The final potential was 
550 mV (PbSO 4 region). The prismatic PbSO 4 crystals are clearly visible 
and are dispersed on the surface of the electrode in an irregular fashion. 
Fig. 7.2 displays the effect of increasing the concentration of the 
sulphuric acid electrolyte on the PbSO 4 crystals formed on the Pb electrode. 
Hence at 7 mol dm -3 H2 so 4 the crystals become smaller, deformed and more 
compact, producing a tighter layer on the surface of the electrode. This 
is in accordance with what was reported in the previous chapter suggesting 
that the PbSO 4 film becomes mechanically sound and tighter on the electrode. 
At 10 mol dm -3 H2 so 4 Fig. 7.3 shows that the PbSO 4 crystals become 
even smaller and are packed much closer together to give a very densely 
packed film of lead sulphate. Hence the charge output of the PbD 2 electrode 
is drastically reduced in concentrated sulphuric acid because the mechanically 
sound film of PbSO 4 becomes very passivating and effectively resists 
oxidation to PbD 2 on cycling potentiodynamically between the PbO 2 and 
PbSO 4 regions. 
The important conclusion of this chapter is that in H2 SO 4 concentrations 
>5 mol dm-3 the PbSO 4 crystals become much smaller forming a tighter and 
Passivating film. 
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Fig. 7.1 
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CHAPTER 8 
THE EFFECT OF ALLOYING WITH Sb and Sn/Ca ON THE ELECTROCHEMICAL 
PROPERTIES OF SOLID LEAD 
8.1 Introduction 
As explained in Chapter I different metals are added to the lead 
grids in lead-acid batteries in order to impart many useful propertiest 
such as, longer service life, improved castability, etc. This chapter-.. 
records the LSV measurements carried out, and compares the data obtained 
on pure lead and various lead alloys in two different H2 so 4 concentrations, 
that is, 5.0 and 5.5M (the range of maximum operative concentration). 
However, it should be noted that in industry, battery discharge techniques 
are carried out at rates equivalent to extremely slow sweeps whereas here 
a faster cycle range is employed. 
8.2 Experimental procedure 
The working electrodes were prepared from pure and alloy lead rods 
(CTL-metals, diameter = 0.3 cm) shrouded in Teflon which could be rotated 
at a known constant speed. The linear sweep experiments were performed 
using the computer controlled potentiostat referred to in Chapter 6. 
All potential measurements were made at 23 0C with a Hg/H92504 
reference electrode which was in the same H2 S04 electrolyte solution as 
the working electrode. 
The alloys used contained: 
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Analysis, weight per cent 
Code Sb Sn Ca Pb 
A 99.999 
B 0.58 Remainder 
c I. BB Remainder 
D 4. IB -- Remainder 
E 0.34 0.086 Remainder 
F 0.75 0.076 Remainder 
The experiments consisted of cycling to a constant response between 
500-1500 mV at a series of sweep rates (10-100 mVs-l) in both H2 so 4 
concentrations. The time needed for constancy was approximately 1.5h. 
8.3 Results and Discussion 
Fig. 8.1 shows stabilised current response curves for pure lead and 
varying degrees of antimonial lead in 5. OM H2 so 4' As can be seen, pure 
lead undergoes greater anodic attack than the other antimonial alloys 
showing that the presence of antimony or other impurities exert a protective 
effect. Alloy D is corroded the least, and the PbO peak correspondind" 2 
to it occurs at a lower potential. Alloys B and C have very similar 
maximum peak current value's (i ) which are highlighted in-Table 8.1, p 
although in the case of the former, the peak potential (E p) appears at 
a higher value then for pure lead. The peaks appear broad, comparable to 
those obtained by Kelly et al [94], indicating that the Pb02 formed on the 
electrodes is quite porous and thus the reaction can be driven deeper into 
the porous layer as the potential is increased. 
Fig. 8.2 displays the potential curves for the'same alloys Used for 
Fig. 6.1 but in 5.5M H2 so V This reveals that although pure lead undergoes 
more anodic attack than the other alloys, the effect is not so prominent 
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FiF, r. 8.1 S-OM H2S04 electrolyte. Digitally drawn voltammograms 
of A, pure Pb; B, Pb-Sb (0.58'0); C, Pb-Sb (1.89%); D, 
Pb-Sb (4.18%). (500-1500 mV, v= 100 mVs-1) after cycling 
for 1.5 h. 
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and again the placing of the antimonial allay peaks is similar to those 
in Fig. 8.1. However, as described in Chapter 69 the amount of charge 
contained in the positive-going sweep (sweep rate, V= 100 mVs- 
1) for 
all the alloys (A-F) decreases dramatically in 5.5M H2 so 4 when compared 
with the charge values in 5. OM H2 so V (See Tables 8.1 and 8.2). 
Fig. 8.3 exhibits the LSV curves for pure lead and ternary alloys 
(Pb-Sn-Ca) in 5. OM H SO ; Fig. 8.4 corresponds to the same metals employed 
,24 
in 5.5M sulphuric acid. 
In Fig. 8.3 the ternary alloys undergo more corrosive attack than 
pure Pb, especially alloy E. This highlights the point mentioned earlier 
that the reduction of Sb, or even lack of it in the positive grids results 
in rather poor cycle life. Hence, adding Sn/Ca to pure Pb produces a 
PbO 2 deposit which is more analogous to that of a freshly plated more 
reactive electrode as described by Fleischmann (whose research used lead 
freshly electroplated onto massive lead [981)than to the deposit produced 
on flat lead and Pb/Sb electrodes. 
Fig. 8.4 shows that alloy E has a lower ip value then pure lead and 
alloy F, thus varying the acid concentration has a marked effect on the 
formation of the PbO 2 deposit on these Pb-Sn-Ca alloys. 
The relationship between peak potential (E p) 
in the oxidation of 
PbSO 4 to PbO 2 and sweep rate (v) in the form of Ep vs. loglo (sweep''rate) 
is displayed in Fig. B. 5 for the 5.0M H2 so 4 case'. The equation for this" 
relationship was developed by Canagaratne et al [99] for the production 
of a single layer'on an electrode. As can be' seen from the straight line 
plots in Fig. 8.5, for alloys D and F, the formation of PbO 2 occurs at a 
much less positive potential than on the pure metal. In 5.5M sulphuric 
acid when Ep is plotted against log,, (sweep rate), all the alloys (B-F) 
form Pb02 at a much less positive potential than pure Pb. - 
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Fijz. 8.3 : 5.0M H2SO4 electrolyte. Digitally drawn voltanmograms of A, 
pure Pb; E, Pb-Sn (0.34%) - Ca (0.086%); F, Pb-Sn (0.75%) - 
Ca (0.076%). (500-1500 mV, v 100 mVs-1) after cycling for 
1.5 h. 
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Fig. 8.4 : The same conditions as in Fig. 8.3, but LSV's carried out 
in 5.5M H2SO4* 
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Fig. 8.6 exhibits the ip- (sweep speedq v)-'2 relationship in 
5. OM H2 so 41 and straight lines were obtained with 
the pure lead and the 
alloys in the range v= 10 - 1OOmVs-1. The linearity of the plots indicate 
that the process for each alloy and pure Pb is a simple first order charge 
transfer reaction. The ip vs. v_'2 relationship still remained intact for 
most of the alloys in 5.5M sulphuric acid. 
Tables 8.1 and 8.2 show that the i values corresponding to the 
lp 
sweep rate, v= lOOmVs_l were higher in 5. OM H2 so 4 for pure Pb and alloys 
D, E and F. Alloys B and C had higher ip values in 5.5M H2 so 4* However, 
in 5. OM H2 SO 4 more charge was obtained with 
the ternary alloys. 
In 5. OM sulphuric acid, using pure Pb (99.999%, Koch-Light) instead 
of precast lead (contains many minute impurities and is thus < 99.999% 
pure) which Kelly et al [94] used, it would seem that more charge is 
obtained than with the antimonial alloys. This may be due to the fact 
that the PbO 2 deposited on the pure Pb metal is more porous than the 
antimony/lead binary alloys and does not produce a passivating layer which 
is tight and mechanically sound [94]. Even at slower sweep rates, the 
pure metal still produced more charge in the LSV curves, although it was 
expected that the antimonial alloys would undergo more anodic attack since 
it has been observed that some stationary batteries containing Pb-Sb 
components exh ibit a large amount of corrosion. In the authors: experiments 
in 5.5M sulphuric acid, however, only 1.88% antimonial lead displayed 
higher charge content in the linear sweep voltammogram than the pure metal. 
In these experiments the pure lead undergoes more anodic attack 
than the Pb-Sb alloys. This is probably due to the lack of impurities 
because, as mentioned in Chapter 6, additives such as Ag, Cu, Ti and Bi 
in lead metal can exert a protecting effect and considerably reduce corrosion. 
Also, as reasoned earlier, the pure Pb may produce a PbO 2 layer which is 
more porous than with the antimonial alloys, thus resulting in a greater 
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TABLE 8.1 
A comparison of ip, Ep, and anodic charge values for pure- 
Pb (A) and the alloys (B-F) at v= 100 mVs-1 in S. ONI H2SO4* 
Alloys ip/mACM-2 EV/V Charge, Q/! nCcm- 2 
A 2.394 1.213 3.333 
B 0.901 1.248 2.554 
c 0.930 1.191 2.828 
D 0.730 1.177 2.190 
E 3.296 1.260 7.087 
ýF 2.592 1.200 5.412 
TABLE 8.2 
Repeat of Table 8.1, but in 5-5M 112SO4- 
Alloys /MACM-2 
. =4'L- 
E /V p 
Charge, Q/MCCM-2 
A 1.324 1.248 2.238 
B 0.963 1.251 1.711 
c 1.155 1.209 22.279 
D 0.675 1.202 1.608 
E 1.037 1.230 1.889 
F 1.577 1.209 3.430 
degree of corrosion evidenced-by voltammograms containing more charge 
for the pure lead. These results may be considered at variance with 
those of an earlier investigation [94]; howeverg the number of sweeps 
taken to obtain steady states for each alloy and the ; weep speed range were 
comparable with those reported by Kelly et al [94]. However, the potential 
limits were different; in this case, they were 500-1500 mVt whereas 
Kelly [94] used the limits of 400-1520 rpV. 
B. 4 -Conclusions 
In 5. OM H2 so 41 the Pb-Sn-Ca alloys are more susceptible to anodic 
attack than either pure lead or (0.58-4.18,0o) antimonial lead-, 
2) There was more charge in the voltammogram corresponding to pure lead 
in 5. OM H2 so 4 than with the Pb-Sb alloys. 
3) In 5.51 H2 so 41 more charge was obtained with electrode C than with, 
pure lead and the other two Pb-Sb electrodes. 
4) In 5. OM and 5.5M H2 so 41 the ip values corresponding to pure lead were 
higher than those obtained with the lead/antimony binary alloys. 
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CHAPTER 9 
THE ELECTROCHEMICAL CYCLING OF PASTED Sb and Sn/Ca LEAD l 
ELECTRODES (POSITIVES) 
9.1 Introduction 
Antimony is employed as the grid alloying additive for the lead-acid 
positive plate in automotive batteries as described in Chapter 1. However, 
a technical disadvantage of the metal's presence in the cell is that 
antimony released from the positive electrode deposits itself on the 
negative plate resulting in a reduction of the hydrogen overvoltage at 
that electrode. The use of calcium (< 0.09 weight per cent) [100-102) 
and tin as alloying agents in lead-acid cells were especially developed 
for float service; they increase the tensile strength of lead without 
introducing harmful side reactions into the cells. During float 
periods, the small overvoltage applied to the cell results in a current which 
is just sufficient to prevent internal self-discharge processes. At the 
same timet this low, current keeps the loss of water by electrolysis to a 
minimum. With antimonial grids, because the hydrogen overvoltage is 
depressed by the presence of antimony an the negative electrode, the float 
current increases during service. Howevert removal of antimony from the 
positive grids gives rise to very poor cycle lives [941. 
The LSV experiments were carried out an all the pasted lead alloy 
electrodes in 5. OM and 5.5M sulphuric acid; the reason for the letter value 
was discussed in the previous chapter. Also, the base lead alloys used here 
are the same as those employed and which were reported in Chapter B. 
9.2 Experimental procedure 
The computer controlled experimental set-up have been described 
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in the previous chapters. The porous electrodes were prepared by arranging 
a solid support (various lead-based alloys) to lie beneath the level of a 
Teflon shrouding. By forcing the positive paste into the cavity, a porous 
layer was produced (3 mm diam6ter; 0.76 mm deep) which terminated the lead 
electrode. The density of the high capacity positive paste used here was 
-3 4.2 gcm and the composition of it was as follows: 
Grey oxide 85.75% (40% Pb and 60,00 PbO) 
0' Red lead 14.3, o 
H2 so 4 1.4 S. g. 53.49 cm 
3 kg-l 
H20 123.57 cm 
3 kg-l 
The charging of the electrodes was performed in 0.3 MH2 so 4 as 
reported in Chapter 5. 
For each concentration of sulphuric acid a Hg/H92504 reference 
electrode was used and all the experiments were carried out at 23 ±10C. 
The base lead alloys used in the LSV experiments were: 
An 
Code Sb 
B 0.58 
C 1.88 
D 4.18 
E 
F 
alysis, weight per cent 
Sn Ca Pb 
Remainder 
Remainder 
-- Remainder 
0.34 0.086 Remainder 
0.75 0.076 Remainder 
9.3 Results and Discussion 
The linear sweep experiments were carried out between the limits of 
1240mV (PbD 
2) and 700mV (PbSO 4 
), the sweep speed being always lOmVs-1. 
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Fig. 9.1 : Digitally drawn voltammograms for B, pasted Pb-Sb (0.58'0) 
positive in S*OM H2SO41 (1240-700 mV, v= 10 mV sec-1, 
nominal surface area = 0.07 cm2). a, first cycle; b, 
second cycle; c, third cycle; d, fourth cycle. 
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TABLE 9.1 
A comparison of ip with linear sweep cycling of the porous 
Pb-alloy electrodes (1240-700 mV, 10 mVs-1) in 5-01%1 H2SO4-' 
Alloys Cycle Reduction peak Position of i , Number current, iP /mA. 
p EP /mv 
B 1 32.79 912 
2 20.00 851 
3 13.53 844 
C 1 42.00 842 
2 20.00 824 
3 15.40 821 
D 1 50.00 873 
2 26.00 840 
3 21.00 833 
E 1 50.80 894 
2 20.60 891 
3 13.80 866 
F 1 45.13 882 
2 20.55 862 
13.90 848 
Figs. 9.1-9.5 correspond to a series of voltammograms for the early cycle 
histories of each pasted Pb-alloy electrode, that is, B-F, all in 5.0 M 
H2 so 4' Figs. 9.6-9.10 correspond to the same electrodesp but the 
potentiodynamic cycling experiments were performed in 5.5 0 sulphuric acid. 
As can be seen from the ten figures, there is a decrease in peak 
current values (i P) with cycling 
(PLO 2- PbSO 4 reduction peak). The 
major differences is between the i values for the first and second P 
cycles for all the electrodes as highlighted by Tables 9.1 and 9.2. The 
large initial reduction current is due to a passivated form of PbSO 4 
being produced which resists oxidation to PbO 2 during the anodic sweep 
[1031. If the higher potential limit is raised above 1240mV, oxygen 
bubbles are formed in the electrode matrix which would interfere with the 
charging/discharging operation. 
-2 The electrodes had to be reoxidised galvanostatically (25mA cm 
in 0.3 MH2 so 4) in an upward-facing position after a series of cycles. 
This is because the layer of passivated lead sulphate crystals formed on 
the Pb electrodes is such that in order to reproduce lead dioxide a large 
overpotential is needed : galvanostating ensures this. 
Table 9.1 shows that in 5.0 MH2 so 41 the pastedalloy-D electrode 
has a larger initial iP value than that of the other porous Pb-Sb electrodes. 
Also, the pasted alloy positive attains a constant response after 
approximately 15 cycles, the ip and position of iP (E p) values remaining 
constant. Pasted alloys B and C reach constant responses after 11 and 14 
cycles respectively. However, the pastedalloy-E electrode discharges 
more deeply on the first cycle than the porous antimonial lead electrodes 
as highlighted by Table 9.1. This may be attributed to the fact that a 
more reactive PbO 2 deposit is produced on Pb-Sn-Ca alloys (see Chapter 8) 
than the deposit formed on pure lead and most Pb-Sb alloys. Hence, the 
porosity of the pasted Pb-Sn-Ca electrode matrix when charged may have 
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Fig. 9.6 : Digitally drawn voltammograms for B in 5.5M H2S04- 
(1240-700 mV, v= 10 mV sec-1, nominal surface area 
0.07 CM2). a, first cycle; b, second cycle; c, third 
cycle; d, fourth cycle. ' 
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TABLE 9.2 
Repeat of Table, 9.1, but in 5.5M H2SO4-' 
Alloys Cycle Reduction peak Position of ip 
Number current, iP/mA Ep/mV 
B 1 35.00 858 
2 16.00 786 
3 11.60 776 
C 1 38.00 --850 
2 18.40, 813 
3 13.40 808 
D 1 55.00 866 
2 24.00 848 
3 17.40 826 
E 1 51.17 869 
2, 23.00 858 
15.00 835 
F 1 58.00 950 
2 21.40 861 
3 16.00 840 
been-further increased. Porous alloy-E positive has a higher initial iP 
value than the porous alloy-F electrode, and they obtain a constant 
response after 11 cycles no matter what subsequent cycling experiments 
are carried out. (This applies to the previous pasted Pb-Sb positives). 
It would seem, as described by Hampson et al [103], that the PbSO 4 produced 
reaches an equilibrium form with some of the "unpassivated" lead sulphate 
present in the porous matrix which can be oxidised (to PbO ) and reduced 2 
(back to PbSO 4 
), by sweeping potentiodynamically. . 
Table 9.2 shows that in 5.5 M sulphuric acid the pasted alloy-D 
positive has a greater initial ip value than that of the other two porous 
Pb-Sb electrodes but is in turn lower than the initial ip value of the 
positive-F electrode. A strange feature of the higher concentration of 
H2 so 4 (i. e. 5.5 M) is that the pasted alloy-C electrode undergoes partial 
ohmic control, after 10 cycles. With the other porous electrodes, their 
voltammograms reach constancy after a larger number of cycles than the 
corresponding electrodes in 5.0 MH2 so V The pasted Pb-Sn-Ca electrodes 
discharge, more initially in 5.5 MH2 so 4 than in 5.0 M sulphuric acid, 
whereas the situation is completely the opposite with the pasted Pb-Sb 
positives. It would seem that varying the acid concentration has a marked 
effect on the PbO 2 porous matrix on the base Pb-Sn-Ca metals. 
Comparing the data reported in Chapter 8 on flat, unpasted electrodes 
to these exhibited here, one notices a few major differences. With the 
flat, unpasted electrode the PbD 2 peak is dominant and the data obtained 
corresponds to the production of a single layer on an electrode with no 
thickening of the deposit occurring. With the porous electrode, the 
prominent PbO 2 formation peak is absent because the lead dioxide produced 
grows in layers [1041, and thus a broad bond is observed made up of many 
different oxidation peaks overlapping with each other. Another significant 
dif f erence between the two electrodes is that with the porous one larger 
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current and hence charge values are obtained. 
A look at the voltammograms of the flat and pasted electrodes 
shows that the reduction peaks (PbO 2 -+ PbSO 4) are clearly different. 
With the flat electrode, the reduction "peak" is hardly visible; for 
the pasted electrode, a long "reduction tail" [1031 is displayed which 
is indicative of newly produced porous PbO 21 where the discharge is being 
driven deep into the porous matrix. 
The ip and hence charge values obtained for the pasted Pb-Sb electrodes, 
are higher than those reported by Kelly et al [1031. This is due to the 
fact that the paste used here was such that it could sustain more charge 
than the standard automotive paste employed by them [1031. 
9.4 Conclusions 
1) The Pb-Sn-Ca electrodes initially discharge more deeply than the 
Pb-Sb electrodes in 5.0 and 5.5 MH2 so 4 although electrode D 
(containing 4.18"0 Sb) performs very similarly to electrodes E and F. 
2) After the first cycle the reduction peak current values (i p) 
for 
the porous Pb-Sb electrodes were higher in 5.0 M H2 so 4 than in 
5.5 MH2 so V 
3) The porous Pb-Sn-Ca electrodes had higher reduction peak current 
values Qp) in 5.5 MH2 so 4 than in 5.0 M H2SO4* 
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CHAPTER 10 
POTENTIOSTATIC STEP EXPERIMENTS ON PASTED Pb-Sb and Pb-Sn-Ca 
ELECTRODES 
10.1 Introduction 
During the last decade it has been realised that positive electrodes 
prepared on antimony-free grids were inferior in both cycle life span and 
performance after cycling duty. This 'Shortcoming appeared to be a positive 
effect of antimony on that of the basic pure lead rather than a detrimental 
effect of tin and calcium on the basic behaviour. There was also consider- 
able industrial evidence that the grid effects (as they ought to be c2lled) 
was dependent on the amount and character of the cycling to which the 
electrodes were subjected; a newly formed positive electrode exhibits a 
behaviour independent of the grid whereas as few as 10 cycles would show up 
gross differences in behaviour. 
With the present intense interest in the fully-sealed low-loss battery 
it was considered important to identify the specific grid effects attribut- 
able to the alloys Pb-Sb and Pb-Sn-Ca of the relevant commercial compositions. 
This chapter presents the results of such an investigation in which the 
specific effects as functions of cycle number were investigated. 
10.2 Experimental procýdure 
The electrochemical stepping experiments were performed using a 
micro-computer as described in Chapter 5 controlling a potentiostat 
(Kemitron POT. 03); the data obtained from the pulse experiments were 
captured by a transient recorder (Datalab, DL 905) which in turn transferred 
back to the computer. An oscilloscope (Hameg HM 512) was used to display 
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the data recorded by the transient recorder. 
The electrodes in which a porous PbO 2 phase 
(derived from the same 
battery paste described in Chapter 9) overlays the desired base alloy 
shrouded in Teflon and forming the working face of an RDE electrode have 
already been described (see Chapter 5). The initial oxidation of paste 
to PbO 2 was carried out and has also 
been described in Chapter 5. When 
formed the working porous electrode was, a cylinder (0.07 cm2 area, 0.076 cm 
deep; of equivalent electrical charge 'ý, 16C). 
The base lead alloys used for the porous Pb02 supports were: 
Code Analysis, wt% 
Sb Ca Sn Pb 
A- 99.999 
B 0.58 Remainder 
c 1.88 of 
D 4.18 it 
E O. OB6 0.34 it 
F 0.076 0.75 it 
10.3 Results and Discussion 
10.3.1 Uncycled Electrodes 
Fig. 10.1 shows the current-time responses of the porous antimonial- 
lead electrodes (compared with a pasted pure lead electrode) as the 
potential* is instantaneously stepped from the lead dioxide region (1240 mV) 
to the lead sulphate region (700 mV). As can be seen B which contains the 
least amount of antimony, discharges very quickly and gives the highest 
current output, that is, i max = 
140 mA. The low Sb content probably gives 
rise to more P-PbO 2 being produced compared to a-PbO 2' Burbank et al 
[51 
have discussed that in a mixture of the two polymorphs ct-PbO 2 and ý-PbO 2 
*Footnote 
A H9/H92SO4 reference electrode was used throughout and all potentials 
are quoted on this scale (23 ±10 C). 
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the ý-PbO 2 contributes more to 
the electrochemical capacity of the positive 
battery plate. Consequently, the higher the 5b contentv the less ý-Pb02 
is formed on galvanostatic oxidation and hence a lower peak current output 
is obtained. The pure Pb electrode A gives an appreciable amount of ý-PbO 2' 
intermediate in quantity between the contents of C and D. This results in 
an i max which 
lies between the values obtained with C and D. It may be 
that the particular i max value obtained .1 
for pure Pb is a result of enhanced 
acid availability at the reaction site due in some way to the greater 
resistance to oxidative corrosion of pure Pb vis a vis antimonial lead. 
In Fig. 10.1 only the D electrode shows signs of another reaction occurring 
which is represented by the initial dip before the peak. 
The electrodes were then stepped back into the lead dioxide region 
(1240 mV) from the fully reduced state. Fig. 10.2 displays the current- 
time responses as the electrodes were subjected to this oxidation. The 
initial double layer charging spike is followed by an increase in the 
current due to the formation and growth of nucleation centres. The 
following decrease in the current flow is the result of subsequent overlap 
of these growth centres. However, the peaks are followed by constant 
current outputs over a fairly long time period, especially with the 
electrodes B and C. This indicates that the current flow is partly due to 
oxygen evolution since the lead dioxide and oxygen regions overlap. The 
D electrode accepts less charge than the other two pasted antimonial-lead 
electrodes. This result is interesting in view of that obtained by Kelly 
et al [103] and it should be noted that the potential step used here was 
different, in our case, 700-1240 mV and the paste employed had a density 
3 
of 4.2 gcm- . Kelly et al used a paste which contained 100% grey oxide. and 
its density was 4.1 gcm -3 
Fig 10.3 shows the current-time responses of the porous PbO 2 electrodes 
on Pb-Sn-Ca bases corresponding to a potentiostatic reduction pulse of the 
same magnitude as with the Pb-Sb based electrodes. E has the highest i max 
- 
value compared with the other five positivesp however, Table 
10.1 shows 
that the discharge capacity of E is less than that obtained with Aq B and 
D. Fig. 10.4 shows the current-time responses for the porous Pb02 electrodes 
on Pb-Sn-Ca bases after each one was oxidised potentiostatically 
by 
stepping from 700 mV to 1240 mV. It seems unusual-that electrode 
F accepts 
more charge (700 1240 mV) than the other electrodes since 
it discharges 
the least (1240 700 mV). Also the resultant curve obtained for F 
suggests that another layer of PbO 2 has been formed. 
All the pasted alloy electrodes investigated exhibited a very slow 
(i. e. low current) charge acceptance as can be seen from Table 10.1 which 
shows oxidation current still flowing after 4h. Kelly et al [103] 
considered that this effect was due to the reluctance of certain crystals 
of lead sulphate ("passive" PbSO 4) to oxidise to lead dioxide. 
The 
electrode is never fully charged potentiostatting at 1240 mV and thus a 
higher potential is required to fully form PbO 2* Hence before each 
experiment the electrode was galvanostatically oxidised 1103] to ensure 
that it was fully charged. Figs. 10.2 and 10.4 show that the magnitude 
of the peak currents for the Pb-Sn-Ca based electrodes are higher than those 
for the Pb-Sb positives. Also, Table 10.1 shows there is an imbalance 
between reductive and oxidative charge with all the electrodes. This 
imbalance remaining after 4h reoxidation was investigated in the cases of 
C and E, which were of special interest to CTL, using scanning electron 
microscopy (SEM) and X-ray diffraction (see Chapter 11). It was found 
that there was clear unambigious evidence for PbSO 4 crystals remaining 
amongst the PbO 2' These crystals are the inactive PbS041 as mentioned 
earlier. The absence of such crystals on the completion of the galvenostatic 
oxidation was confirmed immediately before the reduction by direct examination 
of the electrodes by SEM. Morphological examination of the electrode-. ", C 
and E after potentiostatically oxidising for 4h at 1240 mV showed that the 
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Pb-Sn-Ca electrode contained a high proportion of 8-Pb02 whereas the 
Pb-Sb positive contained a high proportion of a-PbO 2* It seems 
that the 
better charge acceptance of the Pb-Sn-Ca electrode is a result of the hicher 
proportion of the B-polymorph in the final electrode state, however, 
this is not conclusive. 
A number of established current-time relationships for electro- 
crystallisation processes [1051 were used to match the falling parts of the 
transients in Figs. 10.1-10.4. Using the Least Squares Fit method, via 
the on-line computer, avariety of straight line plots were obtained and 
the 'best' straight line identified by the correlation coefficient. From I 
the data of Figs. 10.1 and 10.3 it was found that all the electrodes followed 
a ln i vs. 
0- 
relationship as typified in Figs. 10.5 and 10,06 for electrodes 
C and E respectively. 
10.3.2 Cycled Electrodes 
10.3.2.1 Electrodes subjected to 20 preparatory cycles 
Before potentiostatic stepping experiments the porous electrodes were 
subjected to a series of cycles using (digital) linear sweep voltammetry. 
Freshly prepared electrodes were cycled for 20 cycles of discharge and 
charge from 1240 to 700 mV at 10 mVs-1 and back again, the step experiment 
is therefore to be performed on a pre-conditioned. electrode containing an 
"equilibrium" amount of PbSO 4 arising from the out-of-balance of the extents 
of the oxidation/reduction processes under these conditions. (Before a 
pulse was performed, care was taken to ensure that the electrode was in 
a steady state at 1240 mV, that is, the current output was low (1 vA) and 
constant). After cycling a potentiostatic reduction pulse (1240 - 70C mV) 
was then performed. Figs. 10.7 and 10.8 show the current-time responses 
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for the porous electrodes corresponding to the potentiostatic reduction. 
The peak current output decreases as a consequence of the cycling processi 
Table 10.2 shows that the discharge capacities of the electrodes, as well 
as the times taken, are lower compared with those values corresponding to 
the uncycled electrodes. The decrease in the discharge capacity with 
cycling is apparently due to the production of inactive lead sulphate 
[1031 during the preparatory linear sweep voltammetry since no Pb material 
1ý 
was observed to leave the electrode. The conclusion is that on the anodic 
sweep of the cycle relatively inactive lead sulphate crystals remain 
unoxidised reducing the amount of Pbo 2 available for subsequent reduction 
in the potentiostatic reaction. 
With continued redox cycling the capacities of all the electrodes, 
judged by the peak current output, on reduction were reduced. In Figs. 
10.7 and 10.8 the curvature of the transients are somewhat reduced probably 
because some 'passivated' lead sulphate has already been formed during 
cycling, so that less PbO is present before the potentiostatic reduction 2 
pulse to PbSO 4* 
Figs. 10.9 and 10.10 show the current-time responses of the porous 
electrodes after 20 cycles of linear sweep voltammetry and stepping from 
the lead sulphate region to the lead dioxide region after fully discharging. 
The peak current output has increased compared with the uncycled pasted 
electrodes although the charge acceptance after 4 hours is less. (See 
Tables 10.1 and 10.2). As can be seen the alloy D electrode (with the 
highest antimony content) has the highest peak current output compared with 
other pasted Pb-Sb electrodes. With the alloy B electrode more than one 
process is occurring as a consequence of the potential step to PbO 2 
(1240 mV), hence possibly a moreporous form of PbO 2 structure is being 
produced. Fig. 10.10 shows that alloy Felectrode has a higher peak current 
output than the alloy E electrode. However, Table 10.2 highlights the fact 
that electrode E accepts more charge than the other electrodes. It is less 
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TABLE 10.1 
Capacities for the porous electrodes subjected to potentiostatic reduction 
followed by oxidation. 
Alloys Discharge Time to reach Recharge capacity 
capacity full discharge after 4 hours 
/C capacity /C 
/min 
A 11.54 150 0.97 
B 8.52 180 1.21 
C 7.55 145 0.78 
D 10.50 210 0.66 
E 7.87 150 1.1ý 
F 4.53 85 1.67 
TABLE 10.2 
As Table 10.1 but for cycled (20 cycles) porous electrodes. 
Allovs Discharge 
Capacity/C 
Time to reach 
full discharge 
capacity/min 
Recharge capacity 
after 4 hours/C 
A 3.52 40 o. 24 
B 2.88 30 0.43 
C 2.30 5 o. 61 
D 2.46 15 0.33 
E 2.96 10 0.72 
F 0.77 30 0.25 
than the corresponding value obtained in the uncycled condition. Alsov 
the intermediate Sb content electrode (C) accepts more charge than the 
other two Pb-Sb positives. As yet no reason can be found to explain these 
results: a synergistic explanation is a possibility. 
Again, using the Least Squares Fit method, for the falling parts of 
the transients in Figs. 10.7,10.8,10.9 and 10.10 the porous electrodes, 
except alloy C, after a reductive pulse, (1240 - 700 MV), follow a In i vs. 
02 
relationship, 
-Fig. 
10.12 being an example for the electrode E. Electrode C, 
however, when subjected to a reductive pulse followed a process for which 
i ec t-2, as shown in Fig. 10.11. This agrees with Dawson et al [1061 who 
found that the discharge of B-lead dioxide occurs by two mechanisms; a 
diffusion controlled outer layer discharge by a dissolution-precipitation 
mechanism ivs. t 
-12 
. Within the pores of 
the growing PbSO 4 
layer diffusion 
occurs together with an electrocrystallisation reaction of the inner layer 
of PbO 21 and under certain conditions, a solid state electrocrystallisation 
process of i vs. t2 occurs when PbO 2 reduces to PbO and PbSO 4* 
10.3.2.2 Variation in number of preparatory cycles 
A number of experiments were made in order to explain the variation 
of current output with cycling, Electrodes C and E of considerable 
industrial importance were used. The electrodes were initially galvano- 
statically oxidised [103] to ensure that a fully recharged state had been 
obtained followed by a reductive pulse (1240 - 700 mV). Figs. 10.13 and 
10.14 show the results. The peak current output decreases with the number 
of linear sweep cycles. This is to be expected following the work of Kelly 
et al [1031. An unusual feature in Fig. 10.13 is that with the alloy C, 
after 5 cycles, the peak current output is higher than that obtained with 
the uncycled case. This is probably due to the fact that the initial few 
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cycles helps to improve the porosity of the PbO 2 matrix. However, with 
the alloy E although the peak current output, and hence charge, decreases 
vith number of cycles as would be expected the uncycled 'positive, 
discharges most efficiently. Thus it seems quite significant that for 
a Pb-Sb electrode, a few preparatory cycles before a potentiostatic 
reduction pulse can increase the peak current output quite considerably 
whereas with the Pb-Sn-Ca case, cycling beforehand has no significant 
effect. 
Figs. 10.15 and 10.16 show the current-time responses for alloys 
C and E electrodes respectively after they had been subjected to a series 
of cycles, fully discharged by a potentiostatic reduction pulse, as in 
the case for Figs. 10.13 and 10.14 and finally oxidised back into the 
PbO 2 region. As can be seen there is no significant difference between the 
Pb-Sn-Ce positives. 
We again used the Least Square Fit method to match the falling parts 
of the transients in Figs. 10.13-10.16 but none of them followed an 
established current-time relationship for electrocrystallisation reaCtions. 
However, after a potentiostatic oxidation pulse, with both electrodes, all 
the different preparatory cycle cases gave an i vs. t -12 relationship. .. 
It seems that only after sufficient cycles had been given is the porous 
matrix transformed into an extensively uniform phase. 
10.4 Conclusions 
Although the porous nature of the electrode results in a lack of 
control of the surface (and solution) pre-electrode condition of these 
experiments certain tentative conclusions can be drawn about the behaviour 
of these electrodes in these experimental conditions. These conditions 
are equivalent to high rates of operation (and recharge) of the order of 
the minute rate. It should be recognised that these conclusions may not 
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apply to other modes of operation. 
1. The uncycled pasted Pb-Sn-Ca electrodes discharge at a faster rate 
than the Pb-Sb electrodes. 
2. All the electrodes accept charge very slowly after a complete 
discharge. 
3. Initial cycling for the Pb-Sb positive results in a higher peak 
current output. e 
4. As the-number of cycles increase, the peak current output of the 
electrodes, after a reductive pulse, decrease. 
5. The imbalance between the charge output and input for the high rate 
potentiostatic cycling of lead-acid cells clearly indicates the 
need for periodic galvanostatic conditioning charges. 
- 66 - 
CHAPTER 11 
MORPHOLOGICAL STUDY OF POROUS PbO 2 FORMED IN H2 so 4 
ON Pb-Sb 
and Pb-Sn-Ca ALLOYS 
11.1 Introduction 
In Chapter 10 the electrochemical'responses of pasted Pb-Sb and 
Pb-Sn-Ca electrode "positives" in 5MH2 SO 4 were investigated. 
Using 
potentiostatic pulse experiments together with some (digital) linear 
sweep voltammetry, it was found that the current output from the Pb-Sn-Ca 
electrodes, after a reductive pulse (from 1240 to 700 mQ was much higher 
than with pasted pure lead and Pb-Sb electrodes. Also the charge accept- 
ances after a complete discharge for all the electrodes were poor because 
of the formation of inactive PbSO 4 ý103J' 
On potentiostatic reductiong the current output from electrodes which 
had been subjected to a number of linear sweep cycles before a reductive 
pulse decreased compared with the uncycled electrodes. In this chapter 
morphological evidence is presented to support the earlier electrometric 
investigation (see Chapter 10) and to show a significant difference between 
the two electrodes when re-stepped back into the PbO 2 region. 
11.2 Experimental procedure 
The electrical set-up and electrode preparation have been described 
in previous chapters (see Chapters 5 and 10). The support alloys used were 
Pb-Sb (1.66, '0) and Pb-Sn (0.34*, j)-Ca (0.086,00. The electrodes were formed 
in 0.3 MH2 so 4 and were subsequently cycled in 5MH2 so 4* This relates 
to common industrial practice. 
The porous PbO 2 on the alloy supports were shrouded in Teflon in 
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Fig. 11.1 
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the form of stubs which screwed into the end of the rotating disc electrode. 
After the various potential step experiments had been performed on the two 
sets of electrodes, the electrodes were washed with triply distilled water, 
rinsed with acetone and stored in a vacuum desiccator. For microscopic 
study the electrodes were coated with a thin layer of gold by diode 
sputtering and examination was carried out using an ISI Alpha-9 scanning 
electron microscope. 
11.3 Results and Discussion 
11.3.1 fasted Pb-Sb(l. 88%) electrode 
Fig. 11.1 shows the surface morphology of the front of the porous 
PbO 2 on the Pb-Sb support after the "leady" oxide paste had been 
galvanostatically oxidised in 0.3 M H, )50 As can be seen the porous 2V 
matrix is made up of "spongy" PbO 2 crystals which are of fairly even size 
and exist in clumps [107]. Fig. 11.2 displays the porous PbO 2 after it 
has just undergone a potentiostatic reduction pulse (from 1240 mV to 
700 mV). (All potentials were referred to a HgIH92SO4 electrode in 
5MH2 so 4 
). It seems that the PbO 2 crystals have cracked and peeled back 
but there does not appear to be any PbSO 4 crystal formation. 
Fig. 11.3 typifies the surface of the porous Pb-Sb electrode after 
it had been maintained in the PbSO 4 region for 3 min. The surface is 
covered with prismatic PbSO 4 crystals of varying sizes together with some 
residual PbO 2* Hence the surface coverage of PbS04 causes the front of 
the electrode to become highly resistive and the current has to come from 
increasingly much deeper within the porous matrix. 
After the electrode has been completely discharged as judged by a 
zero-current output, the surface of the porous matrix is completely 
covered with PbSO 4 as shown in Fig. 11.4. Fig. 11.5 corresponds to the 
porous electrode subjected to a complete discharge and then stepped back 
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into the PbO 2 region 
(1240 mV). Although there is a fair amount of 
PbSO 4 present, clearly the formation of Pb02 between the PbS04 crystals 
can be seen. However, after 4h in the PbO 2 region 
(complete discharge and 
oxidative pulse followed by 4h at 1240 mV), unusual dendritic growths 
are observed as typified in Figs. 11.6 and 11.7. In Fig. 11.6, apart 
from some PbSO 4 still remaining and some PbO 2 being reformed as small 
spongy crystallites, a high degree of PbO 2 grows away from the surface as 
well-defined dendritic crystals with numerous branches in areas where 
there is room for growth, i. e. cracks and voids are present in the porous 
surface. Fig. 11.7 shows an area on the electrode surface where the porous 
matrix is much more closely packed, hence restricting the growths seen in 
Fig. 11.6. However, some of the crystals in Fig. 11.7 have the shape which, 
given the space, would produce the dendritic growth. Similar PbO 2 growths 
to those shown in Fig. 11.6 have been observed by Acton [108] when he 
electrodeposited a-PbO 2 onto a pasted plate in NaOH solution. 
11.3.2 Pasted Pb-Sn (0.34'0)-Ca(0.0861,0) electrode 
Fig. 11.8 corresponds to the fully oxidised surface morphology of 
the porous PbO 2 on the Pb-Sn-Ca support. The picture is very much the 
same as in Fig. 11.1 for the porous PbO 2 on a Pb-Sb support. The porous 
matrix consists of small crystals that congregate into clumps. In Fig. 
11.9 immediately after a reductive pulse there does not seem to be 
any sign that PbSO 4 is being formed; however, there appears to be an 
absence of cracking of the PbO 2 crystallites as is shown in Fig. 11.2 
for the Pb-Sb case. 
Fig. 11.10 corresponds to the Pb-Sn-Ca electrode after it has 
remained in the PbSO 4 region for 2 min. The PbSO 4 crystals are small and 
few in number which is very surprising considering that the current 
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output, after a potentiostatic reduction, from the Pb-Sn-Ca electrode was 
greater than with the Pb-Sb electrode. After a complete discharge, 
Fig. 11.11 shows the surface of the electrode to be fully covered with 
PbSO 4 crystals which is similar to Fig. 11.4 although the crystals in 
this case are slightly larger. 
After a complete discharge followed by an oxidative pulse back 
into the PbO region the PbSO crystals are dominant although PbO is 242 
beginning to be reformed, as shown in Fig. 11.12. However, after 4h in 
the PbO 2 region Fig. 11.13 shows that much of the PbSO 4 crystals had been 
reformed into spongy PbO 2 with no unusual dendritic growth. 
With the porous PbO 2 on the Pb-Sn-Ca support, stepping from the 
PbSO 4 region to the PbO 2 region after fully discharging the crystal 
structure of the porous matrix, as highlighted by Fig. 11.13, is quite 
similar to Fig. 11.8. This indicates that the pasted Pb-Sn-Ca electrode 
can be cycled, via a potentiostatic step method, with no detrimental effect 
on the porous matrix although some PbSO 4 still remains when in the PbO 2 
region. However, with the pasted PbO 2 deposit disposed on a Pb-Sb 
electrode, a different crystalline form of PbO 2 is produced. This might 
explain why the charge acceptance of electrodes an these supports is 
poorer compared with the pasted Pb-Sn-Ca electrode as reported in Chapter 
10. 
X-ray diffraction was carried out on the electrodes used to explore 
the identity of the Pb-Sb and Pb-Sn-Ca electrodes corresponding to Figs. 
11.6 and 11.13 respectively. With the Pb-Sb positive the X-ray diffraction 
pattern indicated a high content of a-PbO 2 together with some ý-PbO 2' 
Hence the Tather unusual dendritic growths are a-Pb02' ý-%02 being 
probably the spongy crystallites. The Pb-Sn-Ca positive showed the 
presence of a large amount of ý-PbO 2 together with some a-PbO 2 and a 
possible trace of calcium. 
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Electron microprobe analysis on the abovementioned electrodes 
showed that with the Pb-Sb positive no antimony could be detected on the 
surface of the porous matrix. Hence the a-PbO 2 may have been formed 
because of acid depletion within the-pores of the PbO 2 matrix [97] as 
the oxidation (at 1240 mV) continues for 4h, resulting in the production 
of an alkaline medium. With the Pb-Sn-Ca positive some calcium could be 
found on the surface shouting that, when the electrode was discharged, calcium 
4 
leached from the support and diffused onto the surface of the electrode via 
the cracks and voids in the porous matrix. 
As already noted, the current output of the Pb-Sn-Ca electrode, after 
a reductive pulse (from 1240 to 700 mV), was higher than with the Pb-Sb 
electrode. This may be attributed to the fact, as mentioned by Burbank 
et al [51, that in a mixture of the two polymorphs a-PbO 2 and a-PbO 2 
the B-PbO 2 gives rise to more electrochemical capacity from the positive 
side of the battery. Since the Pb-Sb electrode has a high degree of the 
a-PbO 2 and thus less ý-PbO 2 compared with the Pb-Sn-Ca positive, it 
seems reasonable that the Pb-Sb positive should accept less charge than 
the Pb-Sn-Ca electrode. 
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CHAPTER 12 
A COMPARISON OF DIFFERENT PASTED LEAD ALLOY ELECTRODES IN 
SULPHURIC ACID 
12.1 Introduction 
In the literature addition of bismuth (0.05', 0) [1091 to lead-tin- 
calcium alloys has some beneficial effect on the electrochemical properties 
of the calcium alloys. Although it has little effect on the metallurgical 
properties of a binary lead alloy, in terms of maintenance-free usage 
bismuth has minimal influence on the gassing rates and self-discharge 
processes compared with antimony. Further work has indicated that addition 
of bismuth seemed to improve the retention of capacity especially in the 
initial cycles. 
Recent work has been directed towards the use of different density 
'leady' oxide pastes so as to improve the cycling performance and constant 
current recharge characteristics of the positive plate. This chapter 
shows what effects potentiostatic step and cyclic voltammetry techniques 
have on the porous electrodes. They were made of different Pb alloy supports 
with a porous PbO 2 matrix overlaying the base alloy. The PbO 2 phase was 
derived from various pastes (different densities) which were galvanostatically 
oxidised. 
12.2 Experimental procedure 
The electrode preparation and the linear sweep/potentiostatic step 
experiments (all carried out in 5MH2 so 4) controlled by a micro-computer 
have already been described in Chapter 10. A Hg/Hg 2 So 4 reference electrode 
was used throughout and all potentials are quoted on this scale (23 i ION. 
i 
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The four Pb-alloy supports used were: 
A- Pure Pb 
01) B- Pb - Sb (1.88, o 
C- Pb - Sn (0.34, '0) - Ca (0.086. "') 
D- Pb - Sn (0.34*, o) - Bi (0.15*, o) - Ca (0.086*o). 
The three pastes used contained 100', 10 grey oxide (41, lo Pb and 59% 
PbO) and their densities vere: 
-3 (i) 4.25 gcm 
(ii) 4.55 gcm-3 
-3 and (iii) 4.85 gcm 
Hence there were three electrodes containing the pure Pb support (A), each 
one having a different paste mounted on the base lead. The same procedure 
was carried out with alloys B, C and D. The twelve electrodes were then 
galvanostatically oxidised to PbO 2 as described by Kelly et al (103] 
before the electrochemical experiment. s were carried out. The electrodes 
are designated hereafter AA to signify paste No. i on alloy A etc. 
12.3 Results and Discussion 
12.3.1 Uncycled Electrodes 
Fig. 12.1 shows the current-time transients of the different paste 
----density Pb electrodes as the potential is instantaneously stepped from 
,.. the lead dioxide region (1240 mV) to the lead sulphate region (700 mV). 
Of these electrode combinations A. i was found to be the most reactive in 
the electrical sense giving the highest peak current output as the result 
of the step. Table 12.1 shows that the positives which were derived from 
the 4.25 gcm-3 paste, that is, on Pb, Pb-Sb, Pb-Sn-Ca and Pb-Sn-Bi-Ca 
bases, have higher discharge capacities. Fig. 12.2 corresponds to Fig. 
12.1 except here the Pb-Sb electrodes are used. As can be seen the peak 
current outputs are generally lower than those shown in Fig. 12.1. 
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FIG. 12.1. Potentiostatic pulse experiments (1240 --+ 700 mV) 
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TABLE 12.1 
Current output and capacity values for the uncycled porous electrodes 
subjected to potentiostatic reduction followed by oxidation. 
Electrodes 
(paste density/gcm-3) 
Discharge 
capacity/C 
'fime to reach 
full discharge 
capacity/min 
Recharge 
capacity 
after 
4-hours/C 
% charge 
regained 
Pb 
4.25 8.51 105 2.19 25.7 
4.55 7.61 55 2.62 34.4 
4.85 7.36 80 2.46 33.4 
Pb-Sb 
4.25 12.60 162 1.51 1ý. O 
4.55 8.01 ISO 1.46 18.2 
4.85 6.79 110 2.26 33.3 
Pb-Sn-Ca 
4.25 8.65 115 1.46 16.6 
4.55 7.59 60 1.33 17.5 
4.85 6.04 115 2.35 38.9 
Pb-Sn-Bi-Ca 
4.25 12.82. 91 2.94 22.9 
4.55 6-. 60 55 2.37 35.9 
4.85 6.51 105 3.36 51.6 
Figs. 12.3 and 12.4 correspond to Fig. 12.1 but pasted Pb-Sn-Ca and 
Pb-Sn-Bi-Ca electrodes are respectively employed instead. The peak 
current output values shown in Figs. 12.3 and 12.4 are of the same order 
shouting that on discharge there is no significant difference between the 
Pb-Sn-Ca and Pb-Sn-Bi-Ca electrodes. 
As mentioned above the 4.25 gcm -3 pasted electrodes discharge 
more than the other electrodes. Although the difference among the pastes 
2- is the water content and Sqý when the pastes are packed into the recess 
of the electrodes so as to cover the Pb alloy support, there is less grey 
-3 oxide per volume present in the case of the 4.25 gcm electrode. Thus, 
on galvanostatic oxidation the PbO 2 phase produced is very porous, that 
is, there is a larger surface area available for the acid to attack 
creating conditions of low pH within the pores. This results in a greater 
formation of 6-PbO 2 and hence high peak current outputs as described in 
Chapter 10. 
Fig. 12.5 shows the current-time responses for reoxidising (at 1240 mV) 
the electrodes used in Fig. 12.1. The curve corresponding to the electrode 
A. ii contain several current peaks which indicates that there is more than 
one reaction occurring and may mean that several layers of Pb02 have been 
formed. Fig. 12.6 shows similar data for the reoxidation of the porous 
electrodes formed on antimonial lead (B). Figs. 12.7 and 12.8 illustrate 
the reoxidation of porous Pb02 on Pb-Sn-Ca and Pb-Sn-Bi-Ca alloy bases 
respectively. Fig. 12.8 displays the fact that the 4.85 gem- 
3 
pasted 
Pb-Sn-Bi-Ca electrode has the highest peak current output and charge 
acceptance and thus it implies that Bi has a significant effect on the 
. Pb-Sn-Ca alloy. 
The data in Table 12.1were statistically analysed (i. e. comparing 
variance values) to see if there were any trends concerning the paste 
densities. A trend was found showing that with increasing paste density 
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the less the Pb alloy support had an effect on the discharge capacity 
and recharge capacity (after 4h). This seems feasible whereby the Pb02 
-3 matrix, formed from the 4.85 gcm paste, is not very open and restricts 
the movement of sulphuric acid towards the Pb alloy support to a greater 
extent compared with the other paste densities used. 
There is an imbalance between the discharge capacity and the charge 
acceptance values because the patentiostatic oxidative step (700 - 1240 mV) 
r 
is ineffective in charging the electrode efficiently (as discussed in 
Chapter 10) and thus a higher potential is needed to fully reform the 
ýbO 
2 matrix. 
Using the transients in Figs. 12.1-12.8, 'the nature of the electro- 
crystallisation process appropriate for each system was identified. 
Employing the Least Squares Fit method described earlier only two curves 
were found to follow well-defined (established) current-time relationships 
[105t 110t 1111. The initial rise in the curve corresponding to the 
-3 4.25 gcm pasted Pb-Sb electrode, when undergoing potentiostatic 
reduction (see Fig. 12.2), followed an i vs. t2 relationship. This 
indicates that the process followed initially is either one'that is a two 
dimensional growth and progressive nucleation or three dimensional 
(hemispherical) growth and instantaneous nucleation. Scanning electron 
microscopy [110] can be used to determine which nucleation law is employed. 
The falling part of the same curve follows a In i vs. t--'2- relationship. 
In Fig. 12.8, corresponding to the Pb-Sn-Bi-Ca electrodes subjected to 
a potentiostatic oxidation, the falling part of the curve relating to the 
gcm-3 4.55 pasted electrode follows a linear relation connecting ln (i/t) 
2 
and t. This suggests that there is a two dimensional growth and 
instantaneous nucleation process occurring. 
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12.3.2 Cycled Electrodes, 
Before each potentiostatic pulse experiment the porous electrode 
was cycled for 20 cycles of discharge and charge (1240 -)- 700 mV) at 10 
mvs-I and back again, using cyclic voltammetry. After the preparatory 
cycling, when the current Output was low and constantv the reductive 
pulse (1240 - 700 MV) was carried out. Figs. 12.9-12.12 correspond to 
the current-time transients for the different pasted electrodes after 
they have undergone a potentiostatic reduction. Fig. 12.9 shows the 
current-time response for the various paste density Pb electrodes. 
Compared with the uncycled cases, the peak current output is lower, as 
with all the cycled electrodes. Also, the discharge capacity values have 
decreased (Table 12.2) as is the case with all the other positives. 
Fig. 12.10 relates to the Pb-Sb positive where the current output 
values have not decreased significantly compared with the uncycled Pb-Sb 
positives although there has been a decrease in capacity as shown by Table 
12.2. Figs. 12.11 and 12.12 correspond to the ternary and quaternary 
electrodes and as mentioned earlier on, they discharge less than their 
uncycled cases. The decrease in the discharge capacity is due to 'passivated' 
PbSO 4 being formed during the preparatory cycling as mentioned in Chapter 10. 
The current-time transients corresponding to the reoxidation of 
reduced electrodes (potentiostatic step to 700 mV, Figs. 12.9-12.12)are 
shown in Figs. 12.13-12.16. In Fig. 12.13 the transient corresponding to 
-3 the 4.25 gcm Pb electrode dips very sharply whereas with the other two 
electrodes, there is no significant curvature in their transients due to 
overlap of growing Pbo 2 centres indicating that the current flows are mostly 
due to oxygen evolution. Fig. 12.14 corresponds to the Pb-Sb electrodes and, 
as can be seen, the shoulder appearing on the falling part of all the three -, 
%transients indicates that another process may occur at long times. The peck 
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TABLE 12.2 
As Table 12.1 but for cycled (20 cycles) porous electrodes. 
Electrodes 
(paste density/gCM-3) 
Discharge 
capacity/C 
Time to reach 
full discharge 
capacity/min 
Recharge 
capacity 
after 
4 hours/C 
0 v charge 
regained 
Pb 
4.25 2.20 32 0.99 45.0 
4.55 3.64 70 2.89 79.4 
4.85 2.93 75 1.18 4 u. 3 
Pý-Sb 
4.25 2.83 70 1.84 03.0 
4.55 4.49 72 1.72 38.3 
4.85 ý' 3.76 105 1.96 S2.1 
Pb-Sn-Ca 
4.25 4.36 so 1.35 31.0 
4.55 4.12 75 0.98 23.8 
4.85 3.00 75 1.95 6ý). O 
Pb-Sn-Bi-Ca 
4.25 3.68 47 0.75 20.4 
4.55 2.18 40 1.42 6. -). l 
4.85 2.65 88 1.88 7(j. 9 
current output values obtained with the cycled Pb and Pb-Sb positives 
are fairly similar to their corresponding ones obtained before the 20 
cycles. With the cycled Pb-Sn-Ca and Pb-Sn-Bi-Ca positives, however, 
the peak current output values are less than the uncycled cases but are 
still higher than those obtained with the corresponding Pb and Pb-Sb 
electrodes. 
After statistically analysing the, data in Table 12.2 with respect 
to paste density it was found that with the 4.85 gcm-3 pasted electrodes 
the alloy support had less effect on the discharge and recharge capacities, 
even less compared with the corresponding uncycled electrodes. Hence with 
cycling prior to the pulse experiments it seems that the porous PbO 2 
-3 matrix (formed from 4.85 gcm paste) on each Pb alloy support has been 
transformed to such an extent that they are quite similar. 
As in the previous section a series of standard current-time 
relationships for electrocrystallisation processes were matched to the 
transients in Figs. 12.9-12.16. With the falling parts of the transients 
corresponding to electrodes A. ii and D. ii, as well as C. iii and D. iii, 
after they have been potentiostatically reduced (1240 -ý- 700 mV), they 
all followed ai vs. t--4'- relationship. This is indicative of a-PbO 2 
being reduced to PbSO 4 as reported by Dawson et al 
[106). The discharge 
proceeds via two mechanisms, the first being a dissolution-precipitation 
process, and the second an electrocrystallisation process within the pares 
of the growing PbSO 4 layer together with some diffusion. However, diffusion 
in the bulk solution could not be detected by rotating disc experiments 
since the current output was independent of rotation speed. Of all the 
twelve electrodes used only two were found to follow a well-defined 
electrocrystallisation process, that is, ln (i/t) vs. t2 which is indicative 
of a two dimensional growth and instantaneous nucleation process. The 
electrodes concerned were A. iii (see Fig. 12.9) and A. ii (see Fig. 12.13). ' 
Figs. 12.17 and 12.19 are examples of straight line plots obtained with 
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FIG. 12.17 i VS. t-0-5 for falling part in Fig. 12.12 for cycled 
(20 cycles) pasted 4.85 gCM-3 Pb-Sn-Bi-Ca electrode. 
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FIG. 12.18 ln (i/t) vs. t2 for falling part in Fig. 12.9 for 
cycled (20 cycles) pasted 4.85 gcm-3 Pb electrode. 
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the electrodes. Fig. 12.17 corresponds to electrode D. ii following a 
i vs. t relationship (the data in Fig. 12.12 is used). Fig. 12.18 
shows the linear plot of In (i/t) vs. t2 for electrode A. iii. 
Some of the electrodes were subjected to 100 linear sweep cycles 
before undergoing potentiostatic reduction (1240 -, - 700 mV). It was 
found that after this cycling which is in a sense simulated battery 
service, the high density paste electrodes had the higher peak current 
outputs and deliverable charge on discharge. Statistical analysis on 
the data in Table 12.3 shows that the Pb alloy tends to have little effect 
on either the 4.25 gcm-3 paste or the 4.85 gcm-3 paste employed to form 
the porous PbO 2 matrices. Hence, it seems that after 100 cycles, the 
porous matrices of both the 4.25 gcm-3 and the 4.85 gcm-3 pasted electrodes 
have been transformed to such a point where they must be all very similar 
-3 in nature. The 4.85 gcm pasted Pb-Sn-Ca positive has the highest 
discharge capacity (1240 - 700 mV) probably because it contains a higher 
proportion of B-PbO 2 which as mentioned before contributes more to the 
electrochemical capacity of the positive battery plate. 
12.4 Conclusions 
1. Electrodes with the oxidised 4.25 gcm -3 paste gave the highest 
peak current output and discharge values as the result of a 
potentiostatic reduction. 
2. The cycled positives have lower peak current output and discharge 
values. 
Using statistical analysis it was found that with the uncycled 
and cycled (20 cycles) 4.85 gcm-3 pasted electrodes the Pb alloy 
support had little effect on the discharge and recharge capacities. 
- 80 - 
TABLE '12.3 
As Table 12.2 but for cycled (100 cycles) porous electrodes. 
Electrodes 
(paste density/gcm-3) 
Discharge 
capacity/C 
Time to reach 
full discharge 
capacity/min. 
Pb 
4.25 0.51 16 
4.85 1.11 so 
Pb-Sb 
4.25 0.64 30 
4.85 1.42 42 
Pb-Sn-Ca 
4.25 1.71 38 
4.85 2.40 44 
Pb-Sn-Bi-Ca 
4.25 1.23 29 
4.85 1.81 33 
CHAPTER 13 
THE a. c. IMPEDANCE OF POROUS P. b_O 2 : ON A. Pb SUPPORT 
IN SULPHURIC 
ACID 
NOMENCLATURE 
C adsorption capacitance 
ads , 
C dL 
double-layer capacitance 
C external film capacitance ext 
E potential 
R adsorption resistance ads 
R 
ext external 
film resistance 
R 
IQ 
electrolyte resistance 
zD impedance as defined by Equation 13.1 
zF impedance as defined by Equation 13.2 
zA impedance as defined by Equation 13.3 
zB impedance as defined by Equation 13.4 
zC impedance as defined by Equation 13.5 
ZI impedance as defined by Equation 13.6 
e charge transfer resistance 
Cr Warburg coefficient 
w angular frequency 
13.1 Introduction 
Recent work in the Electrochemistry laboratory at Loughborough 
University has been reported which describes the impedance of PbO 2 
in sulphuric acid. This is an important system and has been much 
investigated for it remains the major electrical storage cell positive 
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electrode (cathode). The first measurements were made using 
PbO 2 
deposited onto Pt [1121. It was clear from this investigation that the 
system was complex and that it was necessary to investigate the system 
over a wide frequency range and further that it was desirable to have 
some knowledge of the porosity and roughness. A study of 
the faradaic 
impedance of lead in 5MH2 so 4 in the anodic region enabled well-defined 
electrodes to be investigated'[1131. ' Here the potential of an 
initially 
0 
smooth lead surface in 5MH2 so 4 was held at potentials where"the electrode 
interphase conformed to-an established well-defined composition. The 
results of this study were again complex and it was concluded that in 
addition to charge transfer and Warburg impedances due to phase formation, 
crystallisation, nucleation and adsorption were also present. The uze of 
frequency response analysers in order to study the PbO 2 1H 2 so 4 system 
considerably simplified the experimental technique [114] and it vas 
found that exchange current density measurements obtained from electro- 
deposited ý-PbO 2 were in good agreement with 
the earlier reported data of 
others. 
The ultimate system for investigation is the, porous electrode'where 
a layer of PbO 2 overlays a lead base. This conforms 
to the positive 
electrode of the lead acid cell. Two methods are available for the'prod- 
uction of this complex system. In the first and original Plantef process 
lead is oxidised to lead dioxide using a forming agent. In this process 
PbO 2 is produced from the actual support. 
Lazarides et al. [115,11 61 have 
investigated Plante formed microelectrodes. The behaviours of electroces 
under a wide variety of conditions have been reported including potentio- 
statically controlled systems under known polarisations and equilibrium 
situations obtained by reducing (discharging) the systems in 3.58M H2 so 4 
(this concentration conforms to the industrial convention for Plante'cells). 
The impedance curves were interpreted in terms of charge transfer I'semi- 
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circle" followed by a Warburg line which is distorted from the-expected 
V4 dihedral of the planar electrode by porosity and phase PbSO 4 
formation. The presence of an inductive component at more positive 
potentials was interpreted tentatively as due to the oxygen evolution- 
reaction although other explanations could not be ruled out. Forcing the 
electrode potential to more negative potentials enabled charge transfer 
parameters to be estimated from changes in the charge transfer resistance 
when an allowance was made via the experimental double layer capacitance 
for the effective electrode area. The charge transfer coefficients 
obtained agreed with established data. 
For the case of a mixed PbO 2 /PbSO 4 electrode formed on pure lead by 
oxidation of the electrode in 5MH2 so 4 followed by partial reduction 
Kelly et al [117] found that although it was possible to match the electrode 
behaviour to a complicated model including adsorption of electrode species 
there was no possibility of abstracting the kinetic parameters as had 
been done with the other systems. The formation of PbSO 4' blocked the 
electrode at the potentials involved to such an extent that potential- 
dependent kinetic relationships were obscured by the passivating effect 
of the films. A rather crude extrapolation [1171 allowed the estimation 
of the exchange current to be made and this turned out to be rather higher 
than that for the massive (electrodeposited) PbO 2 as expected [114]. The 
work on the impedance of electroformed PbO 2 in the absence of a forming 
a gent on lead in 5MH2 so 4 has been extended to lead alloys [118,119]. 
Alloying ingredients Sb and Bi were chosen since these were of commercial 
interest. Considerable differences in the impedance spectrum were 
engendered by the addition of these ingredients and it was argued that 
the effect of the alloying elements to the base lead contributed some 
semiconductor properties to the electrode interphasee 
-83 ;- 
The most important case for experimental study is the porous PbO 2 
electrode produced by the electrooxidation of a "pastel' of basic lead 
sulphates overlaying base lead alloy. Here the electrode really consists 
of a PbO 2 covered lead or lead-alloy basis on which is generated 
(by oxi- 
dation of the leady paste) a thick porous layer of PbO 2* There are con- 
sequently two layers of PbO 2 produced one from the massive basis 
the other 
produced from the paste. With the possibility of the introduction of 
other elements into the lead base which can (and do) modify the behaviour 
of the base overlay PbO 2 the situation can quite clearly be given rise to 
a complex behaviour. This situation corresponds to the positive electrodes 
of the lead acid cell which are manufactured by pasting a mixture of leady 
oxide and aqueous sulphuric acid into a grid structure cast from an alloy 
of lead and antimony or lead, tin and calcium. The depth of the porous 
structure which overlays the alloy basis is 0.75 - Imm in the case of 
automotive batteries which are the most frequently encountered lead cells. 
The system is therefore one of some complexity since it embraces elements 
of all the primarily considered systems. In this chapter the results of 
an impedance study of the simplest of these systems in which a porous 
structure of PbO 2 formed from a "paste" overlays a pure lead basis is 
presented. 
13.2 Experimental procedure 
The porous Pbo 2 electrode was prepared in the manner reported by 
Kelly et al [103). The pure lead support was arranged so that the surface 
was beneath the level of a Teflon shrouding. By forcing the positive 
paste into the cavity, a porous layer was produced (3 mm diameter; 0.76 mm 
deep) which terminated the electrode* A conventional lead acid battery 
positive paste, was used as the paste; this paste consisted originally of 
grey oxide [41% Pb and 5To PbO (tetragonal)], sulphuric acid and water; 
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Fig. 13.1 The complex-plane plot (Sluyters plot) for porous Pb02 on a 
pure Pb support (nominal surface area = 0.07 cm2) in 5M H2SO4 
at 230C; 1190 mV; frequencies in hertz are given on the plot. 
The crosses (+) show experimental data and the line shows the 
computer match. 
Fig. 13.2 The Randles plot corresponding to the system of Fig. 13.1 at 
1190 mV. + and x correspond to experimental data (R and l/wC 
respectively) and the lines show the computer matches. 
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this is transformed by aerial oxidation as it loses some of the water to 
harden and set forming a complex structure, nominally of PbOq PbSO 4 and 
-3 
mixed basic sulphatese The final density of the paste is 4.25 gcm 
The transformation of the set paste to PbD 2 w&s carried out 
in 0.3 M 
H2 so 4 
[1031 by oxidation for 24 hours with a total charge input of 300% 
based on the total oxidisable capacity of the paste. The PbO 2 content was 
0, 96oa. 4ý 
The electrode after formation was transferred from the dilute 
H2 so 4 to 5MH2 so 4 and allowed 
to equilibrate with the electrolyte 
solution; the open circuit potential was 1.190V*. The impedance measurements 
were performed with a frequency response analyser (Solartron 1170) in 
conjunction with the 1186 electrochemical interface (Solartron 1186). 
Impedance measurements were made in the range 10 kHz - 0.01 Hz at a 
series of sequential potentials negative with respect to the initial open 
circuit potential. 'These were achieved by stepping from 1.190V and allowing 
the electrode to remain at the new potential for 0.5h prior to the impedance 
measurements. In this way, the impedance data corresponded to constant 
electrode states for after this time the measurable current had fallen to 
a constant low value. 
13.3 Results and Discussion 
Fig. 13.1 shows a complex plane (Sluyters) plot corresponding to the - 
porous PbO 2 on a pure Pb support in 5MH2 so 4 at 1190mV. The shape of the 
plot is a rising curve exhibiting neither a well-defined high-frequency 
semicircle nor a Warburg line indicating the occurrence of mixed solid- 
state and solution processes. However, the plot curves towards the real 
axis at low frequency. The Randles plot (Fig* 13.2) (R and /wC) for the 
*All potentials are referred to the Hg/Hg2SO4 electrode in the same 
solution. 
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Fir, 13.3 Details as in Fig. 13.1 but at 1180 mV. 
Fig. 13.4 Details as in Fig. 13.2 but at 1180 mV. 
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in-phase and out-of-phase components of the electrode impedance show 
behaviour indicative of charge-transfer and diffusion at high frequency 
and a cross-over at intermediate frequencies. Figs. 13.3 and 13.4 
correspond to the electrode kept at the potential E=1.180V and 
the 
Sluyters plot (Fig. 13.3) shows that the line is curving more towards 
the 
real axis. The two lines in Fig. 13.4 still cross over which 
indicates 
adsorption of reactants which is confirmed by the presence of a positive 
intercept as a result of plotting 
1/C 
against w-ýz [1131. The identity 
of the adsorbed species cannot be stated with certainty. There is 
evidence [1201 that the reduction takes place by a process analogus to 
the 
following: 
PbO 2(s) + 2H+ ; =: 
tPbO 
2 
(H+) 
2(ads) 
(a) 
PbO 2 
(H+) 
2(ads) + 2e- 
'-C- Pb(OH) 2 
(b) 
Pb(OH) +H SO ---" PbSO 2H 0 (C) 224- T- 4(s) '+ 2 
This scheme is open to the objection that the, electrode potential 
may be too positive for the adsorption of H+. Howeverg the reaction 
scheme:, 
PbO 2+ 2H 2 so 4 -IV--"PbO 2' 2H 2 so 4(ads) 
(d) 
PbO 2* 2H 2 so 4(ads) + 2e- --o PbS 04 + 2H 20 + S04 
2- (e) 
would appear to be less objectionable. The simple adsorption of the 
bisulphite ion at the high positive potential will alsoýcontribute to 
the pseudo-capecitance. - Attempts to describe the impedance spectrum 
in terms of a simple Randles circuit modified for an adsorption process 
, 
indicated that although such a model fitted the data in a very limited high 
frequency range, in order to explain a dihedral at low frequency greater 
than ir/4 a capacitive component external to the interphase is required. 
- B6 - 
Kelly et al [117] established that for a PbO 2 surface formed on pure 
lead and partially converted to PbSO 4 for frequencies up to 70.5 Hz a 
series capacitance was sufficient for the representation of the film of 
PbSO 4' At the lower frequencies employed in most of the present work 
this 
was found to be inadequate and a parallel resistance-capacitance circuit 
combination was required in order to express the ability of the reduced 
layer (mainly PbSO 4) to conduct electricity. Adsorption had 
been 
introduced in the electrode analogue developed by Kelly et al [117] for 
the partially discharged PbO 2 film and a pure lead basic electrode by a 
resistance-capacitance series conversion shunting the double layer in 
parallel with the faradaic path in the manner of Laitinen and Randles [87] 
representing a reaction in the adsorbed state and for which reactants and 
products do not leave the reaction site. (It is of interest in this 
connection to note that Lazarides et al [115] experimenting with Plante- 
formed electrodes (perchlorate formation) did not need to take into account 
adsorption at all at the electrode in the frequency range down to, ý' 1 Hz. ). 
This model was found to be inadequate for the representation of the 
present duplex complex electrode and the presence of charge transfer 
reaction involving a preceding reaction of the types inherent in the 
equations (a)-(e) was recognised as represented in Fig. 13.20' It must be 
concluded at this stage that the behaviour reported here is indicative of 
the porous front of the electrode, that observed by Lazarides et al [1151 
representing the behaviour of the layer underlying the gross porous 
matrix. 
Figs. 13.5 and 13.6 correspond to the electrode at E=1.170V. The 
Sluyters plot still curves downwards and the lines in the Randles plot 
touch each other for a period and then separate into diverging curves. 
Figs. 13.7-13.16 relate to the electrode behaviour for a series of 
potentials in the range. 1150 700 mV. A feature of the Sluyters plots 
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Fig. 13.5 Details as in Fig. 13.1 but at 1170 mV. 
Fig. 13.6 Details as in Fig. 13.2 but at 1170 mV. 
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Fig. 13.8 Details as in Fig. 13.2 but at 1150 mV. 
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Fig. 13.9 Details as in Fig. 13.1 but at 1100 mV. 
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Fig. 13.12 Details as in Fig. 13.2 but at 1000 mV. 
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is that a semicircle appears in the high frequency region, together with 
a Warburg line, as the electrode approaches 700 mV. From 1000 - 700 mV 
the high-frequency semicircle increases in size which emphasises the 
thickening of the. lead sulphate film an the Pb02 surface. At 700 mV 
the sulphate layer does not totally passivate the electrode because 
there is still current flowing through the electrode surface, rather the 
rate of reaction (as shown by the increased value of 0) has slowed down. 
The analogue shown in Fig. 13.17 expresses a reaction occurring 
at the electiode which is controlled by charge transfer, diffusion in 
solution and adsorption in series, coupled to a potential-dependent 
surface film. Adsorption refers to lead dioxide adsorbing various 
species and is represented by resistive and capacitive circuit elements 
in parallel and the surface film, again resistive and capacitive components, 
represents the lead sulphate layer. Hence the analogue in Fig. 13.17 
was used to match the experimental data in Figs. 13.1-13.16 and as can 
be seen, the computer matches fit the results very well. This matching 
was performed by writing the complex equations for the cell analogue: 
zD -'/w td' L (13.1) 
zF -A e+ (cw 'A - icrw (13.2) 
A + 
-i/wc - 
(13.3) 
a ds 
zB zF+ZA (13.4) 
z c I R 
c 
ext -i/WC ext 
(13.5) 
for which the impedance is given by: 
Z' =RW+I+ '1 -1 +ZC 
zDzB 
Using the complex number handling capabilities of the Honeywell 
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Fig. 13.17 Proposed model for cell analogue. 
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Fig. 13.18 Plot of loglo 6 vs. potential for porous Pb02 on a pure 
Pb support in the potential region 700 - 1150 mV. 
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Multics DPS8/M computer equation (13.6) was decomposed into real and 
imaginary parts (R and C equations). The impedance -data were matched 
on the basis of either of these equations. The procedure involves 
giving estimated values (x') for the circuit elements (x) and each 
approximate value (xI) is expanded using Taylor's theorem but the second- 
order and higher order terms are neglected. 
Ax 
41- 
(13.7) 
The values of the impedance components are then calculated using 
the approximate values for the circuit elements for each of the data points 
available. A least-squares process is used to reduce these equations to 
the number required to solve for all the circuit elements. The process 
is repeated until a sufficiently accurate value of each impedance 
component has been obtained [116,118,121]. 
As the Figs. 13.1-13.16 show the behaviour of the electrode is 
well described by the model. The magnitudes of the kinetic parameters of 
Table 13.1 indicate that the electrode is becoming rapidly blocked by a 
passivating layer of PbSO 4 as the potential is stepped sequentially to 
more negative potentials. The magnitudes of C ext and 
R 
ext 
indicate an 
abrupt thickening of the PbSO 4 layer as the potential moves from 1.170 
to 1.150V. 
An important difference in the electrode behaviour was that at the 
more negative of the potentials investigated the electrode could only be 
matched to the analogue-in Fig. 13.17 down to, ^. I Hz. This behaviour 
has been discussed [8B] and it was stressed that at such low frequencies 
the impedances due to crystallisation and nucleation reactions ought to be 
important. Another possibility is that as the electrode is forced 
progressively negative the electrode becomes coated with PbSO 4 giving 
rise to pore blocking and complete obscuring of the electrode. At 
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low frequency ^. ImHz the impedance plots approach the real axis suggesting 
that the electrochemistry is controlled mainly by the transport of 
charge through a thick film of lead sulphate. 
Qualitatively the behaviour, can be understood if at sufficiently 
low frequency the signal penetrates to the primary underlayer of PbO 2 
which overlays the lead base, once this has been reduced the electrode 
is effectively blocked. 
Referring back to the data corresponding to the last five potentials 
(1150-7OOmV) R f2 increases as more PbSO 4 is produced on the, electrode. The 
adsorption resistance, R ads' and 
the external, film resistance, Rext' 
increase with decreasing potential as the PbO 2 surface. is covered more 
effectively with PbSO 4* However, the capacitance of the electrode sulphate 
- layer (C ext 
) decreases at more negative potential. This is to be expected 
since at more negative potentials the lead sulphate layer thickens and 
the capacitance decreases according to the prediction of the flat capacitor 
theory. 
It was considered unadvisable to reduce the potential further since 
the preferred working limit of the PbO 2 electrode is only 1%, 300mV less 
negative than the fully charged open circuit potential 1,1.160 V; forcing 
the electrode more negative than this usually results in undesirable 
effects. However, it is clear that as the electrode is reduced (discharged) 
the general impedance behaviour remains constant. Kelly et al [118] 
-showed that the change in e with potential was approximately 84 mV per 
decade for a flat lead electrode covered with PbO 2 in a limited potential 
region (930-970 mV). The data plotted out in Fig. 13.18, over the range 
1150-700 mV, show that 0 for the porous electrode changes by 90 mV per 
decade. It is difficult to interpret the meaning of this figure, however, 
it does show quite clearly that the "passivity factor" due to sulphate 
blocking the electrode swamps out the change in reaction rate due to 
kinetic effects. 
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13.4 Conclusions 
The proposed model for the porous PbO 2 electrode in this chapter 
has been found to fit the experimental data quite well. However, 
the analogue does have limitations since it does not take into 
account crystallisation and nucleation reactions. 
2. The model in. Fig. 13.17 has been tested successfully on another 
porous PbO 2 matrix on a pure lead support. 
Various other models have been tried, some were simpler than the 
model shown in Fig. 13.17 and others more complicated, but each 
could not match the experimental data very well over the potential 
range employed. 
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CHAPTER 14 
THE a. c. STUDIES: ON. POROUS, PbO ON VARIOUS: LEAD-ALLOY, SUPPORTS Z 
IN SULPHURIC'ACiD 
NOMENCLATURE 
C adsorption capacitance ads 
C dL double-layer capacitance 
C 
ext external 
film capacitance 
E potential 
R 
ads adsorption resistance 
R 
ext external 
film resistance 
R electrolyte resistance 
6 charge transfer resistance 
Warburg coefficient 
14.1 Introduction 
In the previous chapter the impedance. behaviour of a porous PbO 2 
matrix formed electrochemically from a conventional paste of leady 
oxides and sulphuric acid which overlayed a Pb02 -covered lead basis was 
discussed. It has been emphasised that such a complicated duplex 
, electrode represents 
the positive electrode in the lead-acid cell. - 
The impedance-frequency relationships have been explained in terms of 
charge-transfer at an elec#ode at which strongly adsorbed intermediates 
and reactants are present, 
Pure lead supports are never used for the supporting grids in 
the. lead cell. Alloying with Sb or Cs/Sn produces a much more mechanically 
satisfactory support. The former is rather an objectionable additive 
since the overvoltage at the Sb electrode is very low which combined with 
the "solubility" of Sb at the operating potentials serves to increase the 
92 
hydrogen evolution rate on the negative electrode with attendant loss 
of charging efficiency and shelf life. The use of both Sb and Ca/Sn 
introduce changes in operational behaviour of the lead cell which are 
both fundamental and well-known. It is important to know if the 
impedance method is able to detect such differences and if possible 
provide explanations for any differences observed. This chapter 
records the results of experiments an three alloys of interest. 
I- 
14.2 Experiýentsl procedure 
The experimental details are exactly the same as in Chapter 13. 
The three lead-alloy. supports used were: 
Pb-Sb (1.88, o 9 
Pb-Sn (0.34%) - Ca (0.086. '0), 
Pb-Sn (0.34, o) - Bi (0.15%) -ý Ca (0.086', 0). 
3 
The density of the positive paste was 4.25 gcm- . Measurements were 
taken at constant pre-electrode states at the following decreasing 
potentials: 
1190p 1180,1170,1150,1100,1000,900 and 700 mV. 
The influence of the density of the paste from which the PbO 2 
,. matrix 
is produced by electrooxidation is also reported for two paste 
densities in excess of 4.25 gcm -3 , they are 4.55 gcm 
-3 and 4.85 gcm -3 
14.3 Results and Discussion 
Pasted Pb-Sb (1.88,10) electrode 
Fig. 14.1 shows the Sluyters plot for porous PbO 2 on a Pb-Sb 
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Fig. 14.1 The complex-plane plot (Sluyters plot) for porous 
Pb02 on a Pb-Sb (1.88%) support (nominal surface 
area = 0.07 CM2) in SM H2SO4 at 23"C; 1190 mV; 
frequencies in hertz are given on the plot. The 
crosses (+) show experimental data and the line 
shows the computer match. 
W_ 
0 10 20 30 io 50 
R/Ohm 
Fig. 14.2 The Randles plot corresponding to the system of 
Fig. 14.1 at 1190 mV. + and x correspond to experimental 
data (R and 1/wC respectively) and the lines show 
the computer matches. 
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(1.88,0) support at the open circuit potential, 1190 mV. The rising 
curve does not show a well-defined high-frequency semicircle or a 
Warburg line (as in the previous chapter). The Randles plot corresponding 
to týis behaviour is shown in Fig. 14.2. The plot exhibits two lines 
which cross over each other and they correspond to resistive and 
capacitive components of the electrode system. 
Figs. 14.3-14.16 represent the SlUyters and corresponding Randles 
plots for the electrode at different potentials as it is stepped 
I 
sequentially in a decreasing manner towards the PbSO 4 region. The 
first three Randles plots (Figs. 14.2,14.4 and 14.6) are indicative of 
the reaction occurring at the electrode surface as being completely in 
the adsorbed state [85,1181 with nothing leaving the electrode. From 
1000-700 mV two joining semicircles are formed which increase in size. 
This emphasises the thickening of the lead sulphate film on the PbD 2 
surface. The model shown in Fig. 13.17 was matched successfully to the 
experimental data in Figs. 14.1-14.16 with the aid of a computer (as in 
Chapter 13). 
Table 14.1 shows that at potentials more negative than 1170 mV 
the electrode behaviour could only be matched to the analogue in Fig. 13.17 
down to nu I Hz. The reason for this has been discussed in the previous 
chapter. In the potential range 1150-700 mV the electrolyte resistance, 
R., the Warburg coefficient, a, and the external film resistance, R ext' 
increase with decreasing potential. This shows that the PbO 2 surface 
is progressively being covered with PbSO 4. The double-layer capacitance, 
CW the adsorption capacitance, Cads' and the external film capacitance, 
C 
ext , 
decrease with decreasing potential. This is to be expected because 
at more negative potentials the lead sulphate layer thickens and hence 
the capacitance decreases due to the theory for a flat capacitor* 
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b). Pasted Pb-Sn (-0.34lo)'- Ca"(0.086*, o) electrode 
Figs. 14.17 and 14.18 correspond to the Sluyters and Randles plots 
respectively for porous - PbO on a Pb-Sn (0.34%) - Ca (0.086%) support 2 
at the open circuit potential, 1190 mV. At the potential 1180 mV the 
Randles plot in Fig. 14.20 shows the adsorptive nature of the electrode 
but in Fig. 14.22, resistive and capacitýve components do not touch each 
other indicating that the adsorption process has ceased fairly quickly 
I 
during the discharge. 
As in the previous section Figs. 14.17-14.32 correspond to the 
Sluyters and Randles plots for the electrode at the same potentials as it 
is discharged. Also, as highlighted by Figs. 14.17 and 14.19 there is 
no well-defined Warburg line appearing at low frequencies with a constant 
dihedral (Tr/8 for a porous electrode) which indicates that the diffusion 
of the electroactive species is far away from the electrode and is not 
important. Hence what diffusion control there is, when the PbSO 4 layer 
is produced, occurs very close to the electrode. This suggests that the 
reactions at the electrodes do not involve free diffusion of species. The 
model in Fig. 13.17 was again able to adequately fit the experimental data 
in Figs. 14.17-14.32. 
Using the potential range 1150-700 mV in Table 14.2 the charge 
transfer resistance, 0, Warburg coefficient, a, the adsorption resistance, 
,R ads' and 
the external film resistance, R ext' 
increase with decreasing 
potential; the converse happens with C dLI C ads and 
C 
ext* 
At 700 mV 
the values for e, cT and R ads are much 
higher than those obtained for the 
Pb-Sb positive at the same potential. This implies that the PbSO 4 film 
produced is much thicker than the one formed on the porous PbO 2 on the 
Pb-Sb supports Another interesting feature in Table 14.2 is that the 
value obtained for R 
ext 
for the electrode at the open circuit potential 
12 
-is very high, that isp R 1XID Q* This'suggests that the PbO matrix ext 2 
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Fig. 14.17 The complex-plane plot (Sluyters plot) for porous 
Pb02 on a Pb-Sn (0.34%) - Ca (0.086'0) support (nominal 
surface area = 0.07 CM2) in 5M H2SO4 at 23"C, 1190 mV; 
frequencies in hertz are given on the plot. The crosses 
(+) show experimental data and the line shows the 
computer match. 
4A 
0 
R/Ohm 
Fig. 14.18 The Randles plot corresponding to the system of 
Fig. 14.17 at ll90aV, + and x correspond to experimental 
data (R and I/wC respectively) and the lines show 
the computer matches. 
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is acting as a pure capacitor. 
C) Pasted Pb-Sn (0.34%) - Bi (0.15,0, 
), --Ca, (D. 08Co) electrode 
Figs. 14.33 and 14.34 represent the Sluyters and Randles plots 
respectively for porous PbJO 2 on a Pb-Sn 
(0.34, ', ) - Bi (0.15%) - Ca (0.0664 
support at the open circuit potential 9 1190 MV. With the 
first three 
potentials the corresponding Randles plots (Figs. 14.349 14.36 and 
14.38) highlight the adsorptive nature of the discharge process on the 
electrode surface. As with the earlier two sections Figs. 14.33-14.48 
I 
represent the Sluyters and Randles plots for the positive in the potential 
range 1190-700 mV. Again, Figs. 14.33 and 14.35 show no well-defined 
Warburg lines at low frequencies. Another interesting feature is that 
the shapes of the curves observed in the figures (Figs. 14.33-14.48) are 
similar to the corresponding ones in the previous sections (that ist 
Figs. 14.1-14.16 and Figs. 14.17-14.32). Using the computer, the date 
in Figs. 14.33-14.48 were tested successfully with the analogue in Fic. 
13.17. 
Table 14.3 shows the calculated kinetic parameters which make up 
the analogue for the Pb-Sn-Bi-Ca positive. Using the potential range 
1150-700 mV, again the charge transfer resistance, Warburg coefficient, 
adsorption resistance and external film resistance increase with decreasing 
potential. At 700 mV the values obtained for 0 and a are similar to those 
gained with the Pb-Sn-Ca positive, however, the values for R ads and 
R 
ext 
are very high indicating the formation of a thick PbSO 4 layer. 
Looking at Tables 14.1,14.2 and 14.3 there is no significant 
relationship between the electrolyte resistance and the nature of the 
alloy bases. It is important to note that the RR values which contain 
any purely ohmic contribution from the interaction of the alloy and the 
transformed paste are not influenced by alloy structure, this has often 
been a point of debate in. the lead battery manufacturing industry. 
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Fig. 14.33 The complex-plane plot (Sluyters plot) for porous 
Pb02 on a Pb-Sn (0.34%) - BI(0.15'0) - Ca (0.08610) 
support (nominal surface area = 0.07 CM2) in 5M H2SO4 
at 23OC; 1190 mV; frequencies in hertz are given on 
the plot. The crosses (+) show experimental data 
and the line shows the computer match. 
R/Ohm 
Q 
Fig. 14.34 The Randles plot corresponding to the system of 
Fig. 14.33 at 1190 mV. + and x correspond to experimental 
data (R and 1/wC respectively) and the lines show 
the computer matches. 
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From the previous chapter the e values for porous PbC 2 on a pure 
Pb support have been used in Fig. 14.49. This figure shows linear 
relationships between loglo e and E for the various Pb02 electrodes in 
the potential region 1150-700 mV. As can be seen they all tend to have 
the same slope, that is, 146 mV per decade. Hence the difference among 
the positives is the magnitudes of the charge transfer resistances for 
each electrode. Fig. 14.49 shouts that the antimonial positive discharges 
more efficiently than the other electrodes due to the lower values 
obtained for 6. Addition of Bi to the Pb-Sn-Ca alloy does not seem to 
enhance the electrode behaviour. 
There is no well-defined relationship between C dL and E; the date 
relating a and E are scattered, however, in the main diffusing area of 
each of the electrodes is independent of the alloy backings as required 
by theory. The capacitances of the adsorption film are shown in Tables 
14.1,14.2 and 14.3, even though they decrease with potential as required 
by flat capacitor theory for a progressively thickening layer, there 
appears to be no pronounced influence of the alloy although the capacitances 
are rather larger in the case of the Sb alloy. The C ext values 
do not 
show any clear correlation with alloy type although in general they decrease 
with potential as expected for the ultimate development of a thick 
passivating layer of lead sulphate. 
Figs. 14-50 and 14.51 correspond to plots of log,, R ads vs. 
E 
and loglo R ext vs. 
E respectively. As can be seen the R ads and 
R 
ext 
values show the same change with potential for the alloys. This is to be 
expected since the characteristics of the films ought to be independent 
of the electrochemical activities. 
d) Various_porous PbO 2 electrodes 
rigs. 14.52 and 14-53 correspond to the Sluyters and Randles plots 
-3 respectively for the 4.55 gcm pasted (porous) PbO on a Pbý-Sb (1.66,00) 2 
-, -, -, support at the open circuit potential, n9o mv. rigs. 14.54 and 14.55 
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represent the Sluyters and Randles plots respectively 
for the above 
electrode at 700 mV. As can be seeng the analogue 
in Fig. 13.17 fits 
the data very well. The Sluyters and Randles plots in Figs. 
14.56 and 14.57 
, respectively refer to 4. 
'85 
gcm-3 pasted (porous) PbD 2 on a Pb-Sb 
(1.88%) 
support at 1190 mV; consequently Figs. 14.58 and 14.59 correspond 
to the 
latter but at 700 mV. As shown there is hardly any difference among 
the two different paste density positives. The analogue in Fig. 13.17 IF 
matches the data in these figures (Figs. 14.56-14.59). 
Table 14.4 shows 
the kinetic parameter values which make up the analogue. With the 
-3 4.55 gcm positive at 700 mV the value for R ext 
is very high compared 
-3 
with the corresponding R ext value 
for the 4.85 gcm positive at the 
same potential. This suggests that a thicker PbSO4 film is produced with 
the former. 
-3 Figs. 14.60 and 14.61 correspond to 4.55 gcm pasted (porous) 
PbO on a Pb-Sn (0.34, E, Ca (0.086%) support at 
1190 mV whilst Figs. 2 'D - 
14.62 and 14.63 represent the above respectively but at 700 mV. Figs. 
-3 14.64-14.67 relate to the data obtained for 4.85 gcm pasted (porous) 
PbO 2 on the Pb-Sn-Ca support. 
The analogue still matches the experimental 
data quite well. - Table 14.4 shows that the 4.55 gcm-3 
Pb-Sn-Ca positive 
at 1190 mV has a very high external film resistancet R ext = 
'X10 122. This 
is similar to what was obtained earlier with the 4.25 gcm-3 Pb-Sn-Ca 
positive at 1190 mV. Hence the high value obtained for R ext 
indicates 
_. 
that the 4.55 gcm-3 positive is acting as a perfect capacitor. Also the 
-3 ey a, R ads and 
R 
ext values 
for the 4.85 gcm Pb-Sn-Ca positive at 700 mV 
are very high. This highlights the formation of a very thick PbS04 
layer. 
14.4 Conclusions 
The analogue put forward in'the previous chapter for the discharge 
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FiS. 14.52. Sluyters plot for 4.55 gCM-3 pasted (porous) 
Pb02 on a Pb-Sb (1.88%) support (nominal surface 
area = 0.07 CM2) in 5M H2SO4 at 23OC; 1190 mV; 
frequencie-, ýin hertz are given on the plot. The 
crosses (+) show experimental data and the line 
shows the computer match. 
Ion 
C 
C 
R/Ohm 
Fig. 14.53_ The Randles plot corresponding to the system of 
Fig. 14.52 at 1190 mV. + and x correspond to experimental 
data (R and 1/wC respectively) and the lines show 
the computer matches. 
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behaviour of porous Pbo 2 fits the experimental data obtained for 
the various porous PbO 2 electrodes very well. 
2. The model was tested successfully on other porous PbO 2 matrices 
on the same Pb-alloy supports. 
3. Of all the electrodes investigated the charge transfer resistance 
values show that the antimonial positive discharges more efficiently. 
-3 4. The porous PbO 2 on Pb-Sn-Ca support (produced from 4.25 gcm 
-3 and 4.55 gcm positive pastes), at the open circuit potential 
(1190 mQ acted as pure capacitors. 
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CHAPTER 15 
FINAL DISCUSSION 
Cyclic voltammetry has shown that the charge output from the 
planar PbO 2 electrode decreases with increasing sulphuric acid 
concentration (that is, greater than 5 mol dm -3 ) and using scanning 
electron microscopy it was found that the lead sulphate crystals, in 
-3 H2 so 4 concentrations greater than 5 mol dm became much smaller forming 
a tighter and passivating film. Different acid concentrations affected 
the electrochemistry of the various lead alloys employed, for example, in 
-3 5 mol dm sulphuric acid the lead-tin-calcium alloys were more susceptible 
to anodic attack than either pure lead or the various antimonial lead 
alloys. Further work could be carried out using more combinations of lead 
alloys in different H2 so 4 concentrations greater than 5 mol dm 
-3 
, as well 
3 
as concentrations less than 5 mol dm- . Various additives, such as, 
antimonial salts could be introduced into the H2 so 4 solution to see if 
they have any effect on the electrochemical behaviour of the PbO 2 formed 
on the lead alloys. Porous PbO 2 
(originally formed from positive paste 
containing 14.3% red lead) produced on various lead alloysp which when 
subjected to cyclic voltammetry, was not only affected by acid 
concentration but also by the alloy support. 
The potentiostatic step experiments on the porous PbD 2 electrodes 
, 
(as mentioned above) showed that the electrodes with Pb-Sn-Ca backing 
discharged (PbO 
2- PbSO 4) at a faster rate than the electrodes with the 
antimonial lead support. After a potentiostatic discharge all the electrodes 
accepted charge very slowly when stepped back into the PbO 2 region. This 
shows clearly that galvanostatic charging conditions, rather than 
Potentiostatic ones, are needed to charge a lead-acid cell effectively. 
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Scanning electron microscopy has shown that when the porous 
electrodes were subjected to the various potenti6static pulse 
experiments a difference could be seen between the Pb-Sb and Pb-Sn-Ca 
positives. In particular, dendritic growths only appeared an the porous 
PbO 2 surface on a Pb-Sb support after a potentiostatic oxidation was 
carried out. With X-ray diffraction the dendrites were found to be 
a-PbO Hence more work could be done using various other techniquest 2* 
such as, electron spectroscopy for chemical analysis (ESCA), neutron 
diffraction and Auger spectroscopy to actually determine the exact 
nature of the dendritic crystals. 
The porous electrodes have been subjected to linear sweep cycling 
and potentiostatic step experiments, and scanning electron microscopy 
can again be utilised to see what effect the above techniques have an 
the electrodes. As described earlier, established current-time relation- 
ships for electrocrystallisation processes were used to match parts of 
the transients obtained for the porous electrodes. However, these 
transients are of a complex nature representing various processes which 
occur and hence a computer is required to deconvolute the i-t curves to 
find out what reactions do occur within the porous PbO 2 matrix. 
Varying the positive paste (100% grey oxide) density provided some 
interesting results. Electrodes which originally had the least dense 
paste (4.25 gcm-3 ) discharged the most as a result of a potentiostatic 
,. 
reduction pulse (1240 -* 700 W. However, after 100 potentiodynamic 
cycles (1240-700 mV) followed by a potentiostatic reduction it was found 
by statistical analysis on the pulse data that the Pb alloy support had 
little effect on the paste densities used. 
More pulse work could be done using different H2 so 4 concentrations 
and different lead alloys. Addition of bismuth to the lead-tin-calcium 
alloy seems to improve the charge acceptance (700 - 1240 mV) compared 
with the other electrodes. Hence further scanning electron microscopy 
- 101 - 
can be carried out an the positives to see what changes occur at the 
electrode surface. 
The a. c. impedance technique has been used successfully to determine 
the nature of the discharge behaviour of porous PbO 2* The model described 
in this thesis fits the experimental data obtained for the various porous 
PbO 2 electrodes (previously produced from 100% grey oxide paste) quite 
well over a large potential range. Itývas interesting to note that the 
kinetic parameter values reflected the fact that the antimonial positive 
discharges more efficiently. However, the analogue does have limitations 
because it does not take into account crystallisation and nucleation 
reactions. If the theory for crystallisation and nucleation which occur 
during the formation of PbSO 4 was available the present model would be 
further improved. Future a. c. work could involve carrying out impedance 
measurements on the porous PbO 2 electrodes as they are stepped 
back into 
the PbO 2 region after a complete discharge. A. C. studies on porous PbO 2 
electrodes in starved H2 so 4 electrolyte, for example, H2 so 4 absorbed onto 
glass wool fibre material would be another interesting research topic. 
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APPENDIX 1 
Growth of dendrites 
Barton and Bockris [1221 have explained that with dendritic 
formation growth occurs mainly at the tip of the dendrite. The tip 
in turn can be approximated to having 4 spherical nature as is shown 
in Fig. 1. 
Liquid phase 
r 
c growing rc 
dendrite 
Fig. 1 Parabolic and spherical modelE of a dendrite tip. 
Hence simple equations can be derived relating the radius of 
curvature at the tip r, the observed local current density i, and the 
different kinds of overpotentials. 
nd = RT 
2b 
ir 
(zF) DC 
n. = RT i 
i ZF 0 
nk =2 -YV 
zF 
Ki 
V, 
a1 
(2) 
Kk (3) 
7- 
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where Tld is the diffusion (concentration) overpotential, 
na is the activation overpotentialv 
nk is a 'curvature' overpotential arising from the shift of the 
reversible potential of a curved surface towards cathodic values with 
respect to a flat electrode (r = -), 
and y is the surface tension of the metal-electrolyte interface. 
The total (applied) overpotential-is 
n= con. stant = r1d + 'a + T'k 
Kdri+Kai+K k*l 
r 
It can be seen from equation (4) that the first term will result 
in an increase of the local current density with decreasing radius of 
cur vature while the third term will have the opposite effect; a maximum 
rate of growth should be obtained for some intermediate values of r. 
Through experiments it was found that the radius for maximum rate of 
growth increases sharply with decreasing overpotential. 
Growth is preferential at the tip because diffusion conditions are 
enhanced due to the onset of spherical rather than linear diffusion. 
However, this process cannot become effective while the growing surface 
remains in a region in which the concentration gradient is controlled by 
the diffusion layer of the larger electrode. 
Hamilton [1231 marginally improved on the theory put forward by 
Barton and Bockris. The main points of Hamilton's theory are: 
a) the dendrite surface has a parabolic shape rather than a 
spherical one, 
b) allowance is made for the fact that the boundary conditions 
apply an a moving surface (that is, the advancing dendrite tip), 
. 
and C) it assumes that the shape of the growing dendrite is conserved. 
- 104- 
However, an abnormally low value of y has to be assumed together 
with a high value for the exchange current density in order for the 
experimental data, obtained by Barton and Bockris, to fit Hamilton's 
th; ory. 
Price et. al [124] postulated a theory for electrolytic whisker 
growth which is based on adsorbed impurities inhibiting crystal grovth. 
It takes into account the kinetic aspect of adsorption and it assumes 
that growth (once nucleation has started) proceeds through the lateral 
propagation of layers. 
The theory put forward by Barton and Bockris is more realistic for 
dendritic growth in pure solutions or melts whereas under heavy poisoning 
conditions, a mechanism qualitatively similar to that proposed by Price 
et al is a viable prospect. 
In conclusion, when Price et al compared the experimental date 
(obtained for Ag dendrites) with the prediction of their theory, it was 
found that the growing crystal "adjusts itself" in such a way that the 
rate of growth corresponds exactly to a 'critical' current density, rather 
then the latter being a lower limit for that rate. As yet the mechanism 
by which this adjustment occurs cannot be explained by this theory. 
- 105 - 
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